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Bibliographische Beschreibung und Referat 
 
Hamidreza Sardary 
Eine vergleichende Studie zur Elektrosorption von schwefelhaltigen Aromaten auf 
Gold- und Kupferelektroden 
Diese Arbeit beinhaltet unsere Studien an selbstorganisierenden Monoschichten (engl. SAM =  self- 
assembled monolayer) einiger aromatischer Thiole auf Gold- und Kupferoberflächen. Die Bildung von 
Monoschichten von Thiophenol, 4-Mercaptophenol, 4-Nitrothiophenol, 4-Aminothiophenol, 1,4-
Dithiobenzol, 4-Mercaptopyridin und 2-Mercaptopyridin auf Au und Cu wurde untersucht und 
charakterisiert. Das abschirmende Verhalten und die strukturelle Anordnung dieser Monoschichten 
wurden mit Hilfe elektrochemischer und spektroskopischer Methoden geprüft und bestimmt. 
Zyklische Voltammetrie und oberflächenverstärkte Raman Spektroskopie wurden intensiv zur 
Aufklärung von Elektronentransferreaktionen an diesen mit SAMs modifizierten Oberflächen genutzt.  
Elektrochemische Studien von Monoschichten aus Thiophenol, 4-Mercaptophenol, 4-Nitrothiophenol, 
4-Aminothiophenol, 1,4-Dithiobenzol, 4-Mercaptopyridin und 2-Mercaptopyridin in 0,1 M wässriger 
KClO4-Lösung lassen schlussfolgern, dass diese Moleküle schwefelseitig an die Substratoberfläche 
gebunden sind. In 0,1 M wässriger KClO4-Lösung aufgenommene zyklische Voltammogramme an 
Gold- und Kupferoberflächen, welche mit oben genannten, aromatischen Thiolen beschichtet wurden, 
legen nahe, dass Adsorptionsschichten von Thiophenol und 1,4-Dithiobenzol eine stärkere Tendenz 
zum Abschirmen besitzen als andere.  
Durch das Einbringen von Kupferproben, welche mit genannten aromatischen Thiolen behandelt 
wurden, in 0,1 M Silbernitrat-Lösung können sehr leicht Silber-Nanodendritstrukturen erhalten 
werden. Abscheidezeit und Konzentration der Silbernitrat-Lösung haben einen großen Einfluss auf das 
Wachstum der Silber-Nanodendritstrukturen auf den modifizierten Kupferproben. Diese Silber-
Nanodendritstrukturen besitzen eine hohe katalytische Aktivität hinsichtlich der Oxidation von 
Hydroquinon. 
Untersuchungen zur Korrosion an polykristallinem Kupfer, welches mit obigen aromatischen Thiolen 
modifiziert wurde, in 0,1 M Silbernitrate-Lösung ließen vermuten, dass dieses Kupfersubstrat mehr 
anodisches Verhalten zeigte als reines Kupfer bei ähnlichen Bedingungen.  
Zyklische Voltammetrie an wie oben behandeltem Kupfer in 0,1M wässriger KClO4-Lösung zeigte, 
dass die Geschwindigkeit der Kupferauflösung bei diesen Messungen erhöht war gegenüber anderen, 
in welchen reines Kupfer bei identischen Bedingungen eingesetzt wurde. 
 
Schlagwörter: Elektrosorption, Elektrochemie, Selbstorganisierte Monolagen, Zyklovoltammetrie 
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Abstract 
 
Hamidreza Sardary 
 
A comparative study of the electrosorption of sulfur-containing aromatic compounds on 
copper and gold electrodes 
 
It deals with our studies on self-assembled monolayers of aromatic thiols on gold and copper 
surfaces. Monolayer formation of thiophenol, 4-mercaptophenol, 4-nitrothiophenol, 4-
aminothiophenol, 1,4-dithiobenzene, 4-mercaptopyridine and 2-mercaptopyridine on Au and 
Cu surfaces was studied and characterized. The blocking behaviour and structural arrange-
ments of these monolayers were evaluated and characterized using electrochemical and spec-
troscopic techniques. Cyclic voltammetry and surface enhanced Raman spectroscopy were 
extensively used for the study of electron transfer reactions on these SAM modified surfaces. 
Electrochemical and spectroelectrochemical studies of thiophenol, 4-mercaptophenol, 4-
nitrothiophenol, 4-aminothiophenol, 1,4-dithiobenzene, 4-mercaptopyridine and 2-
mercaptopyridine monolayers in aqueous solution of 0.1 M KClO4 suggest that these 
molecules adsorbed to substrate. Cyclic voltammetry of gold and copper covered with these 
aromatic thiolates recorded in aqueous solution of 0.1 M KClO4 suggests that adlayers of thio-
phenol and 1,4-dithiobenzene exhibit more blocking behavior than the other ones. 
Silver nanodendritic structures are easily produced by placing copper samples modified with 
these aromatic thiolates into 0.1 M silver nitrate solution. Deposition time and concentration 
of silver nitrate solution have great influence on growing up silver nanodendritic structures on 
the surface of modified copper samples. These silver nanodendritic structures exhibit 
electrocatalytic activity towards the oxidation of hydroquinone. 
Corrosion investigation of polycrystalline copper modified with these aromatic thiolates in 0.1 
M silver nitrate solution suggest that copper substrate might be more anodic compared to bare 
copper under identical condition. Cyclic voltammetry of copper modified with these aromatic 
thiolates suggests that the rate of dissolution copper in aqueous solution of 0.1 M KClO4  is 
higher than bare copper in the same condition. 
Keywords: Electrosorption, electrochemistry, self-assembled monolayers, cyclic voltammetry 
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Chapter One 
1. Introduction 
The ability to control the chemical and structural properties of surfaces is essential for the 
progress in catalysis, electronics, chemical sensing and many other applications. In parallel, 
understanding the rules that govern surface reactions provides very important information for 
fundamental studies in chemistry. These considerations and the availability of numerous 
analytical techniques to detect the chemical changes in thin films have made studies of 
interfacial reactions an important area of modern science.  
 
1.1 Organic thin films 
Organic thin films have attracted a considerable interest over the last years, although the 
subject has fairly old roots. More than 200 years ago, Franklin [1] observed the calming 
influence of oil on water surfaces. In the 19th century, Pockels [2 - 5] prepared monolayers at 
the air-water interface, followed by the works of Rayleigh [6], Hardy [7], Devaux [8] and 
others. Later monolayers of amphiphilic molecules on the water surface were named after 
Langmuir [9, 10]. The deposition of long-chain carboxylic acids was studied for the first time 
by Blodgett [11, 12] on solid substrates. Around that time, amphiphilic monolayers were 
already used to control the wetting behavior of metal condenser plates in steam engines [13 - 
15]. In addition, research focusing on self-assembled monolayers were performed later by 
Zisman [16], Blackman and Dewar [17]. Assembling thin layers of molecular species on 
surfaces enables the formation of chemically well defined surfaces and control of surface 
functionality. The aim of surface modification is to attach molecular species with specific 
functionality, in a controlled manner to surfaces. Surfaces such as these are found to be useful 
in a wide array of applications such as sensors [18 - 21] molecular electronics [22 - 25] 
biotechnology [26 - 28] and corrosion inhibition [29]. 
These films can be prepared by several methods: 
1. Langmuir films consist of amphiphilic molecules spread on a liquid surface like water. 
The hydrophilic head group has an affinity to water while the hydrophobic end group 
sticks out on the other side [30,31].  
2. Langmuir-Blodgett (LB) films are prepared by transferring Langmuir films onto a solid 
substrate [32]. The head group is hydrophilic while the tail group is hydrophobic, so that 
the direction of the molecules is achieved prior to the transfer step. Multilayers are 
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prepared by repeated (periodic) dipping of the substrate in appropriate solutions. Interest 
in LB layers continues unabated to this day due to possible technical applications in 
sensors, corrosion inhibition, lubrication and photoresists [33 - 36]. 
3. Self-assembled monolayers grown from solution or from the gas-phase represent a further 
class of organic thin films. The significant feature is the chemisorption (or, generally, 
strong interaction) of the head-group with a specific affinity to the substrate. Self-
assembled monolayers grown from solution will be discussed in more details in next 
sections. 
The phenomenon of self-assembled monolayer has been recognized for nearly 60 years [16], 
nevertheless, it has not enjoyed the popularity of Langmuir-Blodgett film until more recently. 
In contrast to Langmuir-Blodgett film, self-assembled monolayers of organic compounds can 
be obtained simply by chemical absorption from aqueous or organic solution. Compared with 
LB technique, the self-assembly method has more advantages [37]: (i) the interaction between 
the molecules of the layer is strong like electrostatic interaction; (ii) there is less limitation on 
the types of the molecular building blocks that can be used; (iii) it does not need a specific 
experimental apparatus. Therefore, the self-assembling method seems to be simpler and more 
flexible. 
1.2 Self-assembled monolayers 
 
Self-assembly is a type of process in which a disordered system of pre-existing components 
forms an organized structure or pattern as a consequence of specific, local interactions among 
the components themselves, without external direction. When the constitutive components are 
molecules, the process is termed molecular self-assembly. Self-assembly in the classic sense 
can be defined as the spontaneous and reversible organization of molecular units into ordered 
structures by non-covalent interactions. The first property of a self-assembled system that this 
definition suggests is the spontaneity of the self-assembly process: the interactions responsible 
for the formation of the self-assembled system act on a strictly local level—in other words, 
the nanostructure builds itself. At this point, one may argue that any chemical reaction driving 
atoms and molecules to assemble into larger structures, such as precipitation, could fall into 
the category of self-assembly. However, there are at least three distinctive features that make 
self-assembly a distinct concept. First, the self-assembled structure must have a higher order 
than the isolated components, be it a shape or a particular task that the self-assembled entity 
may perform. This is generally not true in chemical reaction, where an ordered state may 
proceed towards a disordered state depending on thermodynamic parameters. The second 
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important aspect of self-assembly is the key role of weak interactions (e.g. Van der Waals, 
capillary, hydrogen bond, π- π interactions ) with respect to more "traditional" covalent, ionic, 
or metallic bonds. These weak interactions play an important role in materials synthesis. It 
can be instructive to note how slack interactions hold a prominent place in materials, but 
especially in biological systems, although they are often considered marginally with respect to 
"strong" (i.e. covalent, etc.) interactions. For instance, they determine the physical properties 
of liquids, the solubility of solids, and the organization of molecules in biological membranes. 
The third distinctive feature of self-assembly is that the building blocks are not only atoms 
and molecules, but span a wide range of nano- and mesoscopic structures, with different 
chemical compositions, shapes and functionalities. These nanoscale building blocks can in 
turn be synthesized through conventional chemical routes or by other self-assembly strategies. 
Self-assembly can be classified as either static or dynamic. In static self-assembly, the ordered 
state forms as a system approaching equilibrium, reducing its free energy. However in 
dynamic self-assembly, patterns of pre-existing components organized by specific local 
interactions are not commonly described as "self-assembled" by scientists in the associated 
disciplines. In general sense, self-assembled monolayers (SAMs) can be defined as well 
ordered and oriented molecular films, which are formed spontaneously, upon immersion of a 
substrate (solid surface) into a solution containing an active surfactant molecule. These 
molecules organize themselves in a two-dimensional (2-D) arrangement on the surface of the 
substrate. The field of SAMs has witnessed incredible development and depth of 
characterization over the past 20 years. On the other hand, it is interesting to comment on the 
humble beginning and on important milestones. The field really began much earlier than is 
now recognized [38]. In 1946, Zisman [16] published the preparation of a monomolecular 
layer by adsorption (self-assembly) of a surfactant onto a clean metal surface. In 1983, Nuzzo 
and Allara [39]  showed that SAMs of alkanethiolates on gold can be prepared by adsorption 
of di-n-alkyl disulfides from dilute solutions. This work sparked attention in exploring SAM 
systems based on sulfur-metal interactions. Soon afterwards, it was revealed that other 
organosulfur compounds such as alkanethiols and alkyl sulfides can be also assembled on the 
surfaces of metals such as gold, silver and copper to afford SAMs [40 - 42]. Many self-
assembly systems have been investigated since this time but the most studied SAMs to date 
are alkanethiolates on gold [38]. Formation of self-assembling requires a relatively strong 
bond between the substrate and head group atoms in the molecule and an additional lateral 
interaction between the tail groups in the monolayer. The degree of order in monolayers 
depends upon many factors, including geometric considerations, electrostatic and dipole-
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dipole interactions within the monolayers and affinity of the head group of the surfactant to 
the surface. The simplicity and flexibility of the self-assembly process provides an opportune 
method for varying the properties of the metal as an electrode [43 44]. SAMs must fulfill at 
least three requirements: (1) to be strongly attached to the substrate, therefore the surfaces will 
resist environmental chemical and physical effects, (2) to be homogeneous and closely 
packed, accordingly the model surfaces will have a given and well-defined composition and 
(3) to allow different functional groups to be attached to the surface, thus offering a powerful 
way to develop systems that have several applications [45]. 
 
1.3 Organosulfur compounds 
 
Sulfur compounds have a strong affinity to transition metal surfaces [46 - 50]. The number of 
reported surface-active organosulfur compounds that form monolayers on metal surfaces has 
increased in recent years [40 - 42]. 
 
1.3.1 Thiols 
In organic chemistry, a thiol is an organosulfur compound that contains a carbon-bonded 
sulfhydryl (–C–SH or R–SH) group (where R represents an alkane, alkene, or other carbon-
containing group of atoms). Thiols are the sulfur analogue of alcohols (that is, sulfur takes the 
place of oxygen in the hydroxyl group of an alcohol), and the word is a portmanteau of 
"thion" + "alcohol", with the first word deriving from Greek θεῖον ("thion") = "sulfur". The –
SH functional group itself is referred to as either a thiol group or a sulfhydryl group. Their 
chemical structure is close to alcohols except that sulfur is substituted for the oxygen in the 
hydroxyl group. Thiols are also known by the term “mercaptan”. Many thiols have strong 
odors resembling that of garlic. Thiol monolayers can be prepared by treatment of a gold 
surface under ambient conditions with a dilute solution of the thiol (< 1 mM). One of the 
important properties of such systems is that they give the possibility of controlling the 
molecular construction at the electrode-solution interface [51].  
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1.3.2 Aromatic thiols 
In contrast to the well-studied long chain aliphatic thiols used for SAM formation, relatively  
little attention that has been paid to the aromatic thiols. In recent times, the research work on 
the SAM of aromatic thiols on Au surface has attracted renewed interest due to their potential 
applications in molecular electronics especially in the study of molecular wires and Coulomb 
blockade [52 - 56]. Aromatic thiol monolayers represent an interesting system owing to the 
presence of delocalized π-electrons in the aromatic phenyl ring, which results in increased 
electrical conductivity and the rigidity of aromatic phenyl ring, which reduces the molecular 
flexibility. SAMs based on aromatic thiols offer an opportunity to enhance the electrical 
coupling between the electronic states of the electrode and the redox species in the solution. 
In addition, it would be of great interest to study the electrode kinetics of SAM modified 
electrodes using aromatic thiols. It is well known that the monolayers of long chain aliphatic 
thiols offer a high resistance and slow down the electrode kinetics significantly. On the other 
hand, the SAM of  aromatic thiols are expected to show a lower barrier to the electrode 
kinetics due to the presence of high density of delocalized π-electrons in the phenyl ring. The 
pioneering experiments on the adsorption of purely aromatic thiols were carried out by 
Hubbard et al [57], who studied the monolayer formation of thiophenol, benzyl mercaptan and 
a few other aromatic molecules on platinum and silver using Auger electron spectroscopy 
(AES) and Electron energy loss spectroscopy (EELS). Later, using vibrational spectroscopic 
studies it has been shown that the aromatic molecules attach to the Au surface through the 
thiolate bond formation and the results were helpful to determine the orientation of molecules 
on the surface [58]. There are a few reports in literature on the SAM of  aryl thiolates on Au 
and Cu. Rubinstein et al. were the first to investigate the formation of SAM based on aromatic 
thiols using electrochemical techniques [59]. These authors studied the formation of SAMs of 
thiophenol, biphenyl mercaptan and terphenyl mercaptan on gold surface and found that the 
ordering, packing efficiency, stability and blocking ability of the monolayers increased from 
thiophenol to terphenyl mercaptan [59]. Crooks et al. reported the formation of SAM of para-
aminothiophenol on Au surface and found that the electron transfer reactions on the SAM 
modified surfaces were affected by the pH of medium [60]. The interesting aspect of this 
work is that the redox reaction of hexaammineruthenium (ΙΙΙ) chloride is facilitated even in 
acidic medium. Lukkari et al. reported the formation of SAM of para-aminothiophenol on 
gold [61] and found that the potential for the surface reaction of oxide stripping is shifted in 
the case of SAM modified electrodes in acidic medium. Aromatic thiols have promising 
features in the preparation of thiol monolayers due to several reasons. First, aromatic thiols 
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are highly anisotropic and the intermolecular interactions are stronger than those between the 
n-alkanethiols, which may lead to different molecular packing structures. Second, electrons 
are more delocalized in the aromatic rings than in the alkane chains, as a result the electrical 
conductance through aromatic thiols is higher. Finally, various functional groups can be 
attached to the opposite molecular end, which have been used to modify the electrode surface 
properties. In 1988 Hubbard [62] carried out the first experiment on the molecular packing 
structure of aromatic thiols on metal surface. Monolayers of thiols, which contain aromatic 
[63 - 69], or heterocyclic groups [70 - 78] have been less intensively investigated. These 
systems, especially when containing a pyridine end group, are used to immobilize proteins on 
metal surfaces [79 - 81]. Thiophenol is a simple aromatic thiol molecule with formula C6H6S 
and structurally similar to phenol. Thiophenol is the sulfur analogue of phenol (that is, sulfur 
takes the place of oxygen in the hydroxyl group of an alcohol). Thiophenol can be easily 
adsorbed on the surface of the metal from sulfur side. In the present work, 4-mercaptophenol, 
1,4-dithiobenzene, 4-nitrothiophenol, 4-aminothiophenol, thiophenol, 2-mercaptopyridine and 
4-mercaptopyridine were used (Fig. 1). 
SH   
SH
SH   SH
OH
  SH
NO
2
  SH
NH
2
  
N
SH   
N
SH    
 
Fig. 1 Structural formulas of thiophenol, 1,4-dithiobenzene, 4-mercaptophenol, 4-
nitrothiophenol, 4-aminothiophenol, 2-mercaptopyridine and 4-mercaptopyridine left to right 
side respectively 
 
1.4 Self-assembled monolayers of thiols on gold electrode 
One of the most widely used systems in the molecular self-assembling method is the 
chemisorption of sulfur derivatives (e.g. thiols, disulfides) on gold surfaces [82 - 84], due to 
the thermodynamically favorable formation of the gold-sulfur bond. The stability of the bond 
over a wide range of applied potential makes this system suitable for electrochemical 
purposes [85]. Efforts to accomplish highly ordered and packed monolayer on a gold substrate 
have led to the consideration of several factors in the self-assembly process such as substrate 
morphology, cleaning, thiol purity, kind of adsorbate, nature and concentration of solvent, 
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temperature, deposition time, the chain length of the thiol used and any “annealing” steps 
performed during or after the deposition step [86]. Unfortunately there are no definite 
formulas for achieving the “perfect” monolayer. The convenience of thiols adsorbed on gold 
as a monolayer system is based on three considerations. First, gold is a noble metal that does 
not form a stable oxide surface [87] and it resists  against atmospheric oxidation. Second, gold 
has a strong specific interaction with sulfur [88] that allows the formation of monolayers in 
the presence of many other functional groups [42]. Third, long-chain alkanethiols or thiols 
with fused aromatic rings form a compact and impervious monolayer on gold [89]. The 
presence of an aromatic ring in a thiol molecule can enhance the binding between gold and 
the thiol, which consequently results in the formation of compact and impermeable SAMs. In 
recent years, aromatic thiol SAMs have received attention due to their high electronic 
conductivity and nonlinear optical properties [90]. The first advantage of self-assembled 
monolayers based on thiols is the simplicity with which SAMs are formed when gold and 
other metals are exposed to thiols. Normally it needs between seconds to minutes for the 
deposition of monolayer on the metal surface. The self-assembly method neither does require 
anaerobic or anhydrous conditions nor vacuum. Self-assembly is relatively insensible to the 
choice of solvent. 
While organic-free metal surfaces are desirable, the high affinity of the sulfur towards the 
metal enables the assembling layer to displace more weakly adsorbed impurities. Curvature of 
the metal surface is not a factor; substrates can range from macroscopic to submicroscopic 
dimensions and from smooth to highly porous surface. Second advantage arises from the 
affinity of the sulfur to the metal and the strength of the bond formed. SAMs survive 
prolonged exposure to vacuum. It is possible to have a wide range of functional groups in the 
adsorbing molecule without disordering the self-assembly process or destabilizing the SAM. 
Considering just the family of substituted alkanethiols, the terminal substituent can be an 
alkane (linear, branched, perfluorinated, perdeuterated), alkene, alkyne, aromatic, halide, 
ether, alcohol, aldehyde, carboxylic acid, amide, ester, amine or nitrile. The “body” of the 
molecule can contain, for example, heteroatoms, aromatic groups, conjugated unsaturated 
links and other rigid rod structures, sulfones and amides. 
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1.5 Preparation of self-assembled monolayers 
Thiol-based SAMs have previously been prepared by two methods [91]: growth from 
solution, which is the method used in this work, or growth from the gas phase. In both cases, 
the highest possible purity of both the adsorbates and the substrates is preferred. 
 
1.5.1 Preparation of self-assembled monolayers from solution 
Gold as one of coinage metal is the most popular substrate for preparation of SAMs. 
Outstanding to its noble character, it can resist harsh chemical treatments, which remove 
organic contaminants. The purity of the gold surface appears to be more important than its 
smoothness. Cleaning and etching steps are often part of the deposition protocol. 
Electrochemical cycling of gold into the oxide formation region in dilute acid acts both as a 
cleaning and an annealing process; the resulting voltammogram provides an assay of the 
cleanliness of the gold electrode. Alternatively, organic contaminants can be removed via 
exposure of the gold to a powerful oxidant. Popular oxidants include “piranha” solution (a 1:3 
mixture of 30 % hydrogen peroxide and concentrated sulfuric acid). A dilute solution of thiol 
(1 µM to 1 mM) dissolved in an appropriate solvent is prepared. The clean substrate is then 
immersed into the thiol-containing solution at room temperature, after that the monolayer-
coated substrate is removed from the solution and rinsed with the solvent, which is typically 
the same as that used to generate the film to remove any adsorbate molecules that might be 
physisorbed to the surface of the monolayer. Usually any solvent capable of dissolving the 
molecule is suitable. Thiophenolate (C6H5S-) forms ordered monolayers on Ag(111) with a 
(√7 x √3,88°)R40.9°, and benzene rings closely packed in a face-to-face stacked columns 
[92]. Benzylthiolate [93], p-pyridine-thiolate [93],and o-pyridinethiolate [93] also form 
ordered monolayers on Ag(111), but with less close-packed aromatic rings. 
 
1.6 Non-electrochemical characterization methods of self-assembled monolayers 
SAMs have been subjected to nearly every known surface analytical method. Among the 
more frequently applied tools are contact angle, ellipsometry, surface IR (infrared) 
spectroscopy, surface enhanced Raman spectroscopy (SERS), X-ray photoelectron 
spectroscopy (XPS), Auger electron spectroscopy (AES), scanning electron microscopy 
(SEM), scanning tunneling (STM) and atomic force microscopy (AFM). Out of several 
methods mentioned above, surface enhanced Raman spectroscopy (SERS) is used in this work 
and it will be discussed in more detail later about it. 
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1.7 Electrochemical characterization methods of self-assembled monolayers 
1.7.1 Double-layer structure and capacitance 
Electrode/electrolyte interfaces demonstrate a capacitance whose magnitude reflects the 
distribution of ions on the solution side of the interface. The electrochemical double layer is 
composed of the Helmholtz layer consisting of ions and solvent in physical contact with the 
electrode and the diffuse layer, which contains ions near the electrode whose concentrations 
deviate from the bulk concentration. Interfacial capacitances are often measured via the 
charging current in a cyclic voltammogram. More comprehensive studies of capacitance 
behavior are performed by alternating current (ac) impedance measurements or ac 
voltammetry. A simple parallel-plate capacitor model shows that the reciprocal capacitance 
increases linearly with the thickness of the dielectric layer [83]. 
 
1.7.2 Electrochemical stripping and deposition of self-assembled monolayers 
SAMs from thiols, disulfides and sulfides oppose desorption over a wide potential range, but 
at very negative/positive potentials and in strongly alkaline electrolytes they are desorbed 
quantitatively [94].The effects of applying a negative potential to a modified surface was 
examined to observe the stability of the film. It was well known that SAMs of thiols can be 
desorbed from a gold surface by applying sufficiently negative potentials [94,95]. 
 
1.7.3 Blocking behavior 
Alkanethiol SAMs restrain faradaic processes such as electrode oxidation and the exchange of 
electrons between the electrode and solution redox couples. The property of this blocking is 
attributed to the compactly packed structure of the monolayer, which obstructs the approach 
of solution ions and molecules to the electrode surface. Electrostatic attraction or repulsion 
between surface moieties on the SAM and solution redox couples has a powerful effect on the 
blocking behavior of SAMs. Promising applications of blocking SAMs can be found in the 
areas of corrosion inhibition, nanoscale lithography and ion selective electrodes.  
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1.8 Applications of self-assembled monolayers 
SAMs offer a combination of physical properties that allow studies of interfacial chemistry, 
solvent-molecule interactions and self-organization. Their well-ordered arrays and ease of 
functionalization make them ideal model systems in many fields [41,96,97]. Understanding 
the process of self-assembly is beneficial for manipulating the physicochemical properties of 
interfaces (e.g. wetting, frictional or adhesive properties of the surface layer) for a variety of 
heterogeneous phenomena such as catalysis, corrosion inhibition and lubrication [98 - 101]. 
The flexible self-assembly technique has a number of applications such as chemical and 
biological sensors [102], efficient electronic and optical devices [103,104], nonlinear optical 
materials, artificial membrane [105], electron-transfer barriers [106], high-density memory 
devices and photopatterning methodology [107 - 112]. Also SAMs can be used either to 
provide model systems of organized functional molecules for studying the interfacial 
phenomena, such as electron transfer or redox behavior [113], or to create models for 
studying the interfacial interactions, such as adhesion or molecular recognition [97]. 
 
1.9 Self-assembled monolayers of thiols and electrochemistry 
In electrochemistry, the convenience of thiol-based SAMs arises from their ability to endure 
the electrochemical experiment. SAMs on electrodes are stable over a wide range of 
potentials and electrolyte compositions (especially aqueous electrolytes). They afford means 
of controlling the electrode/electrolyte interfacial properties and the accessibility of the 
electrode surface to solution molecules. SAMs also provide a means of attaching a diverse set 
of structures, ranging from modified monolayers to multilayers, to the electrode. There are 
some specific applications including the development of more selective and sensitive 
electrochemical sensors (especially biosensors), control of faradaic reaction mechanisms and 
a better understanding of factors controlling electron transfer over long distances and under 
large driving forces. Since the electrochemical properties of the end group (and the backbone) 
can be varied relatively easily, the use of SAMs in electrochemistry continues to be admired. 
Preparation of metal electrodes coated with monolayers of thiolates having electrochemically 
active groups has attracted interest as a method to attach special functions to the electrodes 
[114 - 118]. These uses are based on the relatively high stability of the self-assembled 
monolayer against mechanical, thermal and chemical treatments. This fact means that self-
assembly of thiols can be controlled by variation of the potential of the metallic supports and 
this can be used for many exciting applications such as electrical control of wetting [119], 
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electrochemical patterning [120,121] and preparation of sensor arrays [122]. To understand 
the interaction between the modified surface and the species present in the inter-phase, one 
requires the knowledge, at a molecular level, of three fundamental aspects simultaneously: (1) 
the chemisorption process; (2) the geometrical configuration of the modifier molecules on the 
surface and (3) the effect of external applied potential on the adlayer. 
 
1.10 Aim of the Work 
The present work aims to form self-assembled monolayers of 4-mercaptophenol, 1,4-
dithiobenzene, 4-nitrothiophenol, 4-aminothiophenol, thiophenol, 2-mercaptopyridine and 4-
mercaptopyridine (Fig. 1 shows structural formula of these aryl thiols)  on the surface of a 
polycrystalline gold and copper electrodes. The effect of the electrode potential and the 
electrolyte solution on  behavior of self-assembled monolayer of these thiolates have been 
investigated. The stability of these monolayers on gold electrode has been evaluated in both 
aqueous solution of 0.1 M KClO4 and HClO4. Finally the sedimentation of silver over the 
copper electrode modified by thiophenol self-assembled monolayer  have been studied into 
0.1 M silver nitrate solution and the electrocatalytic activity of this electrode towards 
oxidation of hydroquinone as a model have been presented. 
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Chapter Two 
 
2. Experimental 
 
2.1 Cyclic Voltammetry 
Cyclic voltammograms (CVs) were recorded in aqueous solutions of 0.1 M HClO4 and 0.1 M 
KClO4 as supporting electrolyte using a custom built potentiostat interfaced with a standard 
PC via an ADDA-converter card operating with custom-developed software in a conventional 
glass-made cell (H-cell) using a three electrode system consisting of a  polycrystalline gold 
sheet electrode (approximately 1.0 cm²) as a working electrode, a gold sheet electrode as 
counter electrode and a saturated calomel electrode as reference electrode. All 
electrochemical experiments were carried out under an inert atmosphere (N2 gas) and all 
potentials are quoted vs. the saturated calomel electrode (ESCE). First gold electrode cleaned 
with Piranha solution (1/3 v/v H2O2/H2SO4con.) then the gold electrode electrochemically 
was cleaned in aqueous solution of 0.1 M HClO4 by potential scanning between  
0.0<ESCE<1.5 V vs. SCE until a reproducible cyclic voltammogram was obtained. Adsorption 
of aromatic thiolate on the  electrochemically roughed and cleaned gold electrode was 
performed by exposing the gold electrode for 60 min into their ethanoic solutions (Conc. 
nearly 1 mM) then modified gold electrode was rinsed with absolute ethanol followed with 
sufficient of deionized water. 
 
2.2 Surface Enhanced Raman Spectroscopy (SERS) 
In situ surface enhanced Raman scattering (Fig. 2) were conducted in custom designed glass 
cells on a T64000 Raman spectrometer equipped (instruments SA) with a 2D CCD camera 
cooled with liquid nitrogen. A COHERENT INNOVA 70 Kr+ gas ion laser provided laser 
illumination. SER spectra were recorded using 647.1 nm exciting laser light. The laser power 
was always maintained at 50 mW at the surface of the electrode to avoid destruction of the 
monolayer.  Aqueous solution of 0.1 M KClO4 was used as an electrolyte solution, a saturated 
calomel electrode and a gold sheet electrode were used as reference and counter electrodes 
respectively. Preparation of the electrode is a central step in any SERS study. Electrochemical 
roughening of the gold electrode (polycrystalline 99.99 %, polished  down to 0.3 µm Al2O3) 
necessary to confer surface enhancement activity was performed in a separate cell with an 
aqueous solution of 0.1 M KCl by cycling the electrode potential between ESCE = - 800 mV 
and ESCE= 1650 mV for approximately 10 minutes [123]. Adsorption of aromatic thiolate on 
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the roughed gold electrode was performed by exposing the roughed electrode dilute ethanoic 
solution of  aromatic thiolates for 60 minutes then modified gold electrode was rinsed with 
absolute ethanol followed with sufficient amount of deionized water. 
 
Fig. 2 Spectroelectrochemical set up and cell fro in situ surface Raman studies 
 
2.3 Morphology investigation 
The surface morphology was studied using scanning electron microscopy (JEOLJSM-7500F). 
The substrate used for the scanning electron microscope (SEM) consists of polycrystalline 
copper sheets (area ca.1 cm²). The preparation of the modified copper samples were carried 
out by washing the samples with acetone for removing all greasy things from the surface of 
copper samples followed with ethanol. The well cleaned copper sheets were immediately 
immersed into 6 mM freshly prepared ethanolic solution of thiophenol. After one hour the 
samples removed and rinsed first with plenty of ethanol to remove the physisorbed thiolates 
followed with deionized water. Sedimentation of silver over modified copper sheets was 
accomplished by putting one droplet of 0.1 M silver nitrate solution over copper sheets for 
few seconds. This step is prerequisite for silver nanodendritic structures formation over and 
between thiophenol self-assembled monolayer. The droplet was then removed and the 
samples rinsed carefully because of fragile character of silver nanodendritic structure with  
deionized water.  
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2.4 Corrosion study 
To perform cyclic voltammetry the potential was scanned from -0.8 up to 0.2 V and back at a 
scan rate of 100 mV/s, aerated in aqueous solution of  0.1 M KClO4 used as supporting 
solution and all electrochemical measurements were performed at room temperature. The 
substrate used for electrochemical investigation was a polycrystalline rod copper (diameter ca. 
0.58mm2). The preparation of rod copper electrode was carried out through various 
consecutive steps, started with polishing with abrasive paper (800A, Klingspor, Germany) and 
then washed with deionized water and followed by ethanol. Cleaned rod copper immersed 
into freshly prepared ethanolic solution of 6 mM thiophenol. Sedimentation of silver over 
modified copper electrode was accomplished by immersing the modified  copper substrate 
into 0.1 M silver nitrate solution for few seconds till the electrode color changed black. This 
step is prerequisite for silver nanodendritic structures formation over thiophenol self-
assembled monolayer. The electrode was then removed and rinsed carefully because of fragile 
character of silver nanodendritic structure with  deionized water to remove free ions from the 
surface of electrode. 
Cyclic voltammograms (CVs) were recorded in aerated aqueous solutions of 0.1 M KClO4 as 
supporting electrolyte using a custom built potentiostat interfaced with a standard PC via an 
ADDA-converter card operating with custom-developed software in a conventional glass-
made cell (H-cell) using a three electrode system consisting of a  polycrystalline copper 
electrode (diameter ca. 0.58mm2) as a working electrode, a copper wire electrode as counter 
electrode and a saturated calomel electrode as reference electrode for investigating silver 
electrocatalytic activity (Ag+/ AgCl used as a reference electrode for corrosion study). All 
electrochemical experiments were carried out under an inert atmosphere (N2 gas) and all 
potentials are quoted vs. the saturated calomel electrode (ESCE). Cleaning of working 
electrode carried out with polishing by abrasive paper (800A, Klingspor, Germany) and then 
washed with deionized water. The copper electrode electrochemically was cleaned in aqueous 
solution of 0.1 M KClO4 by potential scanning between -0.8<ESCE<0.1 V vs. SCE until a 
reproducible cyclic voltammogram was obtained. To perform cyclic voltammetry the 
potential was scanned from -0.8 up to +0.1 V and back at a scan rate of 100 mV/s and all 
electrochemical measurements were performed at room temperature. 
For electrocatalytic oxidation of hydroquinone aqueous solution of 0.5 mM hydroquinone 
freshly prepared by dissolving 0.055 gr of hydroquinone into 100 ml aqueous solution of 0.1 
M KClO4 used as supporting solution.  
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2.4 Materials 
Electrolyte solutions were prepared from 18 Mohm water (Seralpur Pro 90 c), 4-
mercaptophenol, 4-Aminothiophenol, 4-nitrothiophenol, 1,4-dithiobenzene, thiophenol, 2-
mercaptopyridine and 4-mercaptopyridine used as received. All solutions were freshly 
prepared, purged with nitrogen (99.999%) and all measurements were performed at room 
temperature. 
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Chapter Three 
3. Results and Discussion 
3.1 Cyclic Voltammetry 
The use of electrochemical techniques such as cyclic voltammetry provides a mean of 
investigating the energetics of the system and also for an indirect characterization of the 
processes taking place. The presence of co-adsorbed species have a pronounced effect on the 
voltammetric features of the investigated system. Before a set of experiments was carried out 
at the gold surface, it underwent potential cycling for a few minutes. The aim of this is to 
arrange the gold atoms at the surface into a particular conformation as to optimize the 
reactivity of the surface [124,125] 
3.1.1 Electrochemical behavior of a gold electrode in aqueous solution of 0.1 M HClO4 
Gold oxide reduction was analyzed using cyclic voltammetry to obtain a plot of current vs. 
potential over the range of 0.0 to 1.5 V in a solution of 0.1 M HClO4. Prior to each 
experiment, the poly crystalline gold was prepared as described in experimental part. The 
voltammetric scan (Fig. 3) shows the formation of gold-oxide and the reduction of these 
oxides.  
Fig. 3 shows a cyclic voltammogram (CV) of a cleaned polycrystalline gold electrode in 
aqueous solution of  0.1 M HClO4 , nitrogen purged, dE/dt = 0.1 V·s
-1 in the range of 
0.0<ESCE<1.5 V.  
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Fig. 3: CV of a polycrystalline bare gold electrode in aqueous solution of 0.1 M HClO4 , dE/dt 
= 0.1 V·s-1 
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Polycrystalline gold surfaces are comprised of a variety of regions that have different crystal 
structure and each region will exhibit different electrochemical properties, so that the behavior 
of a polycrystalline electrode will be a representative average of these regions. For example, a 
polycrystalline gold electrode may exhibit a mixture of low and high index planes at the 
surface. Each region has its own properties, but electrochemical analysis will provide an 
overall view of the electrode’s surface structure as a whole [125]. Most metal surfaces 
undergo oxidation upon exposure to air. However metals such as gold are relatively inert and 
will not oxidize under these conditions. It had always been assumed that electrochemical 
oxidation of the gold surface doesn’t take place and that oxide was formed through the anodic 
oxidation of water at the gold surface:  
(1) Au + H2O → Au(O) + 2H
+ + 2e- 
However XPS studies have shown that anodic oxidation of the gold surface does occur, 
forming Au(OH)3 [126]. 
 
(2) Au.H2O + 2H2O ↔ (Au(OH)3)s + 3H
+ + 3e- 
 
 
The reduction of the formed oxide can be seen as:  
(3) Au(OH)3.s + 3e
- → Aus + 3OH
- 
Applying an increasingly positive potential to the gold surface leads to the formation of a 
monolayer of gold oxide in the region of 1.3 - 1.5 V vs. SCE. As the potential is cycled back 
to 0 V the oxide is reduced around 0.7 - 0.8 V. Cyclic voltammagram in deaerated 0.1 M 
HClO4 (Fig. 2), gives information on the different processes occurring at the gold surface. 
Oxidation and reduction regions relate to the electrochemical oxidation and reduction of the 
gold surface [127,128]. The formation of a monolayer of gold oxide is limited by the amount 
of material that can be deposited at a surface. The area under the peak obtained from the 
reduction of gold oxide is used to determine the amount of gold oxide at the surface. Factors 
such as the electrolyte identity, concentration and pH, temperature and the anodic polarization 
time [129] can influence the outcome of the cyclic voltammetric analysis. The following 
sections describe the effects of selected surface treatments on the gold oxide formation and 
reduction. Acid is the usual medium for electrochemical reconstruction and is used in this 
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work. When working in acidic media, the proton concentration of the solution will be high. 
Therefore protons generated from the oxidation of the gold surface (Eq.2) should not effect 
the pH of the solution near the electrode surface and there will be no changes noted in the 
oxidation and reduction regions (Fig. 2). However if a neutral or basic solution is used to 
observe the formation of the gold oxide, then the protons involved in the redox reaction will 
cause an decrease in pH, thus causing shifts in the current in the aforementioned regions. It is 
possible to limit this effect in neutral and basic solutions by stirring of the solution to stabilize 
the pH. The media that commonly used as for electrochemical reconstruction of gold are 
HClO4 and H2SO4 [127,128]. HClO4 is chosen as the electrolyte for reconstruction in this 
work because the perchlorate anion does not adsorb to the surface as strongly as the sulfate 
anion [127,128]. The adsorption of sulfate ions leads to changes in the form of voltammetric 
scans obtained of the gold surface. Different concentrations of electrolyte have an effect on 
how gold oxides behave. The upper potential limit used for reconstruction of the gold surface 
is 1.5 V. If the potential is shifted to either a more positive, or a more negative value than 1.5 
V then a change in the state of the gold oxide can be observed. When the potential is scanned 
to a less positive value, less oxide is formed as noted through the decrease in the size of the 
reduction peak. However, as the potential is scanned further positive of 1.5 V, the reduction 
peak increases in size. Beyond 1.5 V the oxidation current increases steadily and is attributed 
to dissolution of gold atoms from the surface. The potential of 1.5 V was chosen as the upper 
limit for reconstruction because it gives maximum oxide formation without dissolution. 
Research has shown that anions such as iodide may bind to gold causing loss of mobility at 
the surface [130]. The iodide adsorbs to gold and the interaction between the iodide and gold 
causes the structure to remain stable with respect to time. Deionized water has very few ions 
present in solution. This would explain the large decrease in the oxide and reduction peaks as 
the atoms at the surface are more mobile with fewer anions to stabilize the surface. The gold 
surface that has been immersed in 0.1 M HClO4 shows only a slight decrease in the oxidation 
and reduction peaks and assuming a similar mechanism as proposed for iodide, it is suggested 
that ClO4
- anions adsorb to the surface, forming a lattice that helps stabilize the gold atoms, 
leaving them with very little mobility. This would explain the relatively small decrease in the 
oxidation and reduction peaks [131]. It can be observed in the figure that during the anodic-
going scan oxidation of gold occur at 1.077 V, which in the cathodic-going scan oxidant 
species undergoes reduction at 0.837 V.  
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3.1.2 Electrochemical behavior of a bare gold electrode in aqueous solution of 0.1 M 
KClO4 
Fig. 4 shows cyclic voltammogram (CV) of a cleaned polycrystalline gold electrode in 
aqueous solution of 0.1 M KClO4 , nitrogen purged, dE/dt = 0.1 V·s
-1 in the range of -
0.5<ESCE<1.25 V. 
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Fig. 4: CV of a cleaned polycrystalline gold electrode in aqueous solution of 0.1 M KClO4 , 
dE/dt = 0.1 V·s-1 in the range of -0.5<ESCE<1.25 V.  
In the anodic-going scan a broad oxidation peak around 1.12 V caused by oxidation of gold is 
observed. In the cathodic-going scan a small peak and a very sharp are found at 0.71 and 0.22 
V, are related to reduction of gold oxidant species respectively [127,128 and 130]. In acidic 
solution the ionic power of solution and enough concentration of hydronium ion convert the 
oxide layer to a good leaving group but in the neutral solution because of lack of these 
circumstances the reduction of oxide layer pass through different way and instead of one step 
mechanism forward through two steps mechanism. First the oxide layer converts to hydroxyl 
group at 0.71 V and at 0.22 V it converts to a good leaving group, in this case water molecule 
and leaves the surface. 
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Fig. 5 The orientation of 4-mercaptophenol on gold substrate 
3.1.3 Electrochemical behavior of 4-mercaptophenol in aqueous solution of 0.1 M HClO4 
A surface was prepared and modified as mentioned previously in the experimental part. 
Cyclic voltammetric was taken before and after the modification. The surface was then 
subjected to potential cycling in 0.1 M HClO4 at scan rate of 100 mV s
-1. 
Fig. 6 shows CV of a polycrystalline gold electrode pretreated with 1mM solution of 4-
mercaptophenol dissolved in absolute ethanol. During the anodic scan there are a small peak 
at 0.9 V and a very big and sharp at 1.249 V. The anodic current rising refers to the gold 
oxidation. 
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Fig. 6: CV of a modified gold electrode in aqueous solution of 0.1 M HClO4, dE/dt = 0.1 V·s
-1 
It can be observed in the figure that during the anodic-going scan oxidation of gold occur at 
1.249 V, which in the cathodic-going scan oxidant species undergoes reduction at 0.797 V.  
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3.1.4 Electrochemical behavior of 4-mercaptophenol in aqueous solution of 0.1 M KClO4 
Fig. 7 shows a cyclic voltammogram of a polycrystalline gold electrode pretreated with 1mM 
4-mercaptophenol dissolved in absolute ethanol in aqueous solution of  0.1 M KClO4. Two 
peaks during the anodic and cathodic-going scans are observed.  
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Fig. 7: CVs of a polycrystalline gold electrode pretreated with 4-mercaptophenol in aqueous 
solution of 0.1 M KClO4 , dE/dt = 0.01 V·s
-1 
 
As it can be seen the pattern of CV is different from CV of bare gold electrode (Fig. 3) and 
the peak current dramatically decreased. A small and broad oxidation peak around 1.06 V and 
a small reduction peak at 0.7 V are observed. 
Fig. 8 shows comparison between CVs of pretreated gold electrode with 1 mM 4-
mercaptophenol dissolved in absolute ethanol, in aqueous solution of 0.1 M KClO4, in the 
range of -0.5<ESCE<1.5 V different scan rates. 
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Fig. 8: Comparison between CVs of modified gold electrodes in aqueous solution of 0.1 M 
KClO4, different scan rates: dE/dt = 0.01, 0.05 V·s
-1 
In the anodic-going scan a medium peak at 1.065 V caused by oxidation of gold is observed 
and in the cathodic-going scan a very sharp peak is found at 0.68 V, that is  related to 
reduction of gold oxidant species formed in anodic scan. As it can be seen both anodic and 
cathodic peak current increased with increasing scan rate from 0.01 to 0.05 V·s-1 and a little 
shifted. 
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Fig. 9 The orientation of 4-nitrothiophenol on gold substrate 
 
3.1.5 Electrochemical behavior of 4-nitrothiophenol in aqueous solution of 0.1 M HClO4 
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A surface was prepared and modified as mentioned previously in the experimental part. 
Cyclic voltammetric was taken before and after the modification. The surface was then 
subjected to potential cycling in 0.1 M HClO4 at scan rate of 100 mV s
-1. 
Fig. 10 shows CV of a polycrystalline gold electrode pretreated with 1mM solution of 4-
nitrothiophenol dissolved in absolute ethanol. During the anodic scan there is a sharp peak at 
1.349 V, which in the back scan reduced at 0.788 V. This anodic rising of current attributed to 
oxidation of gold surface. 
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Fig. 10: CV of a modified gold electrode in aqueous solution of 0.1 M HClO4, dE/dt = 0.1 
V·s-1 
 
3.1.6 Electrochemical behavior of 4-nitrothiophenol in aqueous solution of 0.1 M KClO4 
 
Fig. 11 shows cyclic voltammogram of a polycrystalline gold electrode pretreated with 1mM 
4-nitrothiophenol dissolved in absolute ethanol in aqueous solution of  0.1 M KClO4.  
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Fig. 11: CV of a polycrystalline gold electrode pretreated with 4-nitrothiophenol in aqueous 
solution of 0.1 M KClO4 , dE/dt = 0.01 V·s
-1 
The gold oxidation and reduction peaks during the anodic and cathodic-going scans are 
observed. The peak separation (∆E = 42 mV) exhibits electrochemically reversible features 
and these features exhibit symmetrical redox peak currents. The reversible features attributed 
to gold redox system. Compared to CV of bare gold in the same condition (Fig. 3) both 
oxidation and reduction peak current decreased and second reduction peak for bare gold 
vanished that shows the surface covered with monolayer. 
 
Fig. 12 shows comparison between CVs of a gold electrode pretreated with 1 mM 4-
nitrothiophenol dissolved in absolute ethanol, in aqueous solution of 0.1 M KClO4, different 
scan rates (dE/dt = 0.01 and 0.05 V·s-1 )in the range of -0.5<ESCE<1.5 V. With increasing the 
value of scan rate both oxidation reduction peak currents and peak position were changed and 
second reduction peak current was appeared. 
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Fig. 12: Comparison between CVs of a modified gold electrode in aqueous solution of 0.1 M 
KClO4, different scan rates 
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Fig. 13 The orientation of thiophenol on gold substrate 
3.1.7 Electrochemical behavior of thiophenol in aqueous solution of 0.1 M HClO4 
A surface was prepared and modified as mentioned previously in the experimental part. 
Cyclic voltammetric was taken before and after the modification. The surface was then 
subjected to potential cycling in 0.1 M HClO4 at scan rate of 100 mV s
-1. 
Fig.14 shows CV of a polycrystalline gold electrode pretreated with 1mM solution 
of thiophenol dissolved in absolute ethanol. During the anodic scan there is a sharp peak at 
1.278 V which in the back scan reduced at 0.818 V. This anodic rising of current refers to gold  
oxidation surface.  
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Fig. 14: CV of a modified gold electrode in aqueous solution of 0.1 M HClO4, dE/dt = 0.1 
V·s-1 
3.1.8 Electrochemical behavior of thiophenol in aqueous solution of 0.1 M KClO4 
Fig. 15 shows a cyclic voltammogram of polycrystalline gold electrode pretreated with 1mM 
thiophenol dissolved in absolute ethanol in aqueous solution of 0.1 M KClO4. It is observed 
two independent oxidation and two reduction peaks during the anodic and cathodic-going 
scan. 
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Fig. 15: CV of a modified gold electrode in aqueous solution of 0.1 M KClO4, dE/dt = 0.01 
V·s-1 
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Fig. 16 shows comparison between CVs of a polycrystalline gold pretreated with 1 mM 
Thiophenol dissolved in absolute ethanol in aqueous solution of 0.1 M KClO4, different scan 
rates (dE/dt = 0.01 and 0.05 V·s-1) in the range of -0.5<ESCE<1.5 V. 
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Fig. 16: Comparison between CVs of a modified gold electrode in aqueous solution of 0.1 M 
KClO4, dE/dt = 0.01 and 0.05 V·s
-1 
In the anodic-going scan a medium oxidation peak at one at 1.165 V caused by oxidation of 
gold is observed. In the cathodic-going scan a medium peak is found at 0.67 V related to 
reduction of gold oxidant species. As it can be seen with increasing scan rate value two 
separately oxidation and reduction peaks were mixed that means for investigating redox 
system the low scan rate must be involved. 
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Fig. 17 The orientation of 4-aminothiophenol on gold substrate 
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3.1.9 Electrochemical behavior of 4-aminothiophenol in aqueous solution of 0.1 M 
HClO4 
A surface was prepared and modified as mentioned previously in the experimental part. 
Cyclic voltammetric was taken before and after the modification. The surface was then 
subjected to potential cycling in 0.1 M HClO4 at scan rate of 100 mV s
-1. 
Fig. 18 shows CV of a polycrystalline gold electrode pretreated with 1mM solution of 4- 
aminothiophenol dissolved in absolute ethanol. During the anodic scan there are a small peak 
 at 0.9 V and very big and sharp at 1.285 V. This anodic rising of current refers to gold 
surface oxidation. 
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Fig. 18: CV of a modified gold electrode in aqueous solution of 0.1 M HClO4, dE/dt = 0.1 
V·s-1 
During the anodic-going scan a sharp peak at 1.285 V attributed to oxidation of gold, which in 
the cathodic-going scan oxidant species undergoes reduction at 0.818 V.  
3.1.10 Electrochemical behavior of 4-aminothiophenol in aqueous solution of 0.1 M 
KClO4 
Fig. 19 shows a cyclic voltammogram of polycrystalline gold electrode pretreated with 1mM 
4-aminothiophenol dissolved in absolute ethanol in aqueous solution of  0.1 M KClO4. It is 
observed during the anodic and cathodic-going scans oxidation and reduction of gold peak 
currents. The peak separation (∆E = 378 mV) exhibits electrochemically reversible features 
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and these features exhibit symmetrical redox peak currents. The reversible features attributed 
to gold redox system. 
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Fig. 19: CV of a modified gold electrode in aqueous solution of 0.1 M KClO4, dE/dt = 0.01 
V·s-1 
Fig. 20 shows comparison CVs of a polycrystalline gold pretreated with 1 mM 4-
Aminothiophenol dissolved in absolute ethanol, in aqueous solution of 0.1 M KClO4, 
different scan rates (dE/dt = 0.01 and 0.05 V·s-1) in the range of -0.5<ESCE<1.5 V. 
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Fig. 20: Comparison between CVs of modified gold electrode in aqueous solution of 0.1 M 
KClO4, different scan rates 
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In the anodic-going scan a sharp peak at 1.056 V caused by oxidation of gold is observed. In 
the cathodic-going scan a big and a very small peaks are found at 0.665 and 0.252 V.  
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Fig. 21 The orientation of 1,4-dithiobenzene on gold substrate 
 
3.1.11 Electrochemical behavior of 1,4-dithiobenzene in aqueous solution of 0.1 M 
HClO4 
A surface was prepared and modified as mentioned previously in the experimental part. 
Cyclic voltammetric was taken before and after the modification and the surface was then 
subjected to potential cycling in 0.1 M HClO4 at scan rate of 100 mV s
-1. 
 
Fig. 22 shows CV of a polycrystalline gold electrode pretreated with 1mM solution of 1,4- 
dithiobenzene dissolved in absolute ethanol. 
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Fig. 22: CV of a modified gold electrode in aqueous solution of 0.1 M HClO4, dE/dt = 0.1 
V·s-1 
During the anodic-going scan gold oxidation inhibited and in the cathodic-going scan gold 
reduction peak current reduced to a very small peak around 0.824 V.  
Fig. 23 shows comparison between CV of a polycrystalline gold electrode pretreated with 
1mM solution of 1,4-dithiobenzene dissolved in absolute ethanol and bare gold electrode.  
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Fig. 23: Comparison between CVs of a bare and a modified gold electrode in aqueous 
solution of  0.1 M HClO4, at low scan rate dE/dt = 0.01 V·s
-1 
As it can be seen, with low scan rate both CVs of bare and modified gold covered each others. 
It is worth to notify that the gold oxidation peak shifted to higher positive potential, that 
shows monolayer blockade behavior. 
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Fig. 24 shows behavior of a modified gold electrode with 1,4-dithiobenzene at high scan rate 
(0.1 V/s) in aqueous solution of  0.1 M HClO4 , dE/dt = 0.1 V·s
-1 , 0.0<ESCE<1.5 V. 
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Fig. 24: CVs of a modified gold electrode in aqueous solution of  0.1 M HClO4, dE/dt = 0.1 
V·s-1. 
3.1.12 Electrochemical behavior of 1,4-dithiobenzene in aqueous solution of 0.1 M 
KClO4 
Fig. 25 shows a cyclic voltammogram of a polycrystalline gold electrode pretreated with 
1mM 1,4-dithiobenzene dissolved in absolute ethanol in aqueous solution of 0.1 M KClO4. It 
is observed a sharp peak current during the anodic-going scan.  
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Fig. 25: CV of a modified gold electrode in aqueous solution of  0.1 M KClO4, dE/dt = 0.1 
V·s-1 
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In the anodic-going scan a sharp peak at 1.5 V caused by oxidation of gold is observed. In the 
cathodic-going scan a medium peak is found at 0.68 V  related to reduction of gold oxidant 
species. 
Fig. 26 shows CV of a polycrystalline gold pretreated with 1 mM 1,4-Dithiobenzene 
dissolved in absolute ethanol, in aqueous solution of 0.1 M KClO4, dE/dt = 0.1 V·s
-1 in the 
range of -0.5<ESCE<1.5 V. 
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Fig. 26: CV of a modified gold electrode in aqueous solution of 0.1 M KClO4, dE/dt = 0.1 
V·s-1 
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Fig. 27 The orientation of 4-mercaptopyridine on gold substrate 
3.1.13 Electrochemical behavior of 4-mercaptopyridine in aqueous solution of 0.1 M 
HClO4 
Fig. 28 shows CV of a polycrystalline gold electrode pretreated with 1mM solution of 4- 
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mercaptopyridine dissolved in absolute ethanol.  
It is observed that during the anodic scan there are a small peak at 0.9 V and very big and 
 sharp at 1.221 V. This rising current refers to the oxidation of gold surface that undergoes 
 reduction at 0.813 V. 
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Fig. 28: CV of a modified gold electrode in aqueous solution of 0.1 M HClO4, dE/dt = 0.1 
V·s-1 
3.1.14 Electrochemical behavior of 4-mercaptopyridine in aqueous solution of 0.1 M 
KClO4 
Fig. 29 shows a cyclic voltammogram of polycrystalline gold electrode pretreated with 1mM 
4-mercaptopyridine dissolved in absolute ethanol in aqueous solution of 0.1 M KClO4, dE/dt 
= 0.01 V·s-1 in the range of -0.5<ESCE<1.5 V. 
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Fig. 29: CV of a modified gold electrode in aqueous solution of 0.1 M KClO4, dE/dt = 0.01 
V·s-1 
 
Fig. 30 shows comparison CVs of a polycrystalline gold electrode pretreated with 1 mM 4-
mercaptopyridine dissolved in absolute ethanol, in aqueous solution of 0.1 M KClO4, different 
scan rates (dE/dt = 0.01 and 0.05 V·s-1) in the range of -0.5<ESCE<1.5 V. 
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Fig. 30: Comparison between CVs of a modified gold electrode in aqueous solution of 0.1 M 
KClO4, different scan rates 
In the anodic-going scan a sharp peak at 1.16 V caused by oxidation of gold is observed. In 
the cathodic-going scan a medium peak and a small one are found at 0.67 and 0.26 V that are 
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related to reduction of gold oxidant species. As it can be seen both oxidation and reduction 
peaks shifted with increasing the scan rate value. 
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Fig. 31 The orientation of 2-mercaptopyridine on gold substrate 
3.1.15 Electrochemical behavior of 2-mercaptopyridine in aqueous solution of 0.1 M 
HClO4 
A surface was prepared and modified  as mentioned previously in the experimental part. 
Cyclic voltammetric was taken before and after the modification. The surface was then 
subjected to potential cycling in 0.1 M HClO4 at scan rate of 100 mV s
-1. 
Fig. 32 shows CV of a polycrystalline gold electrode pretreated with 1mM solution of 2- 
mercaptopyridine dissolved in absolute ethanol. It is observed that during the anodic scan 
 there is a sharp and little broad peak at 1.390 V. This anodic rising peak current attributed to 
 oxidation of gold surface. 
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Fig. 32: CV of a modified gold electrode in aqueous solution of 0.1 M HClO4, dE/dt = 0.1 
V·s-1 
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It can be observed in the figure that during the anodic-going scan oxidation of gold occur at 
1.390 V, which in the cathodic-going scan oxidant species undergoes reduction at 0.839 V.  
3.1.16 Electrochemical behavior of 2-mercaptopyridine in aqueous solution of 0.1 M 
KClO4 
Fig. 33 shows a cyclic voltammogram of polycrystalline gold electrode pretreated with 1mM 
2-mercaptopyridine dissolved in absolute ethanol in aqueous solution of  0.1 M KClO4, dE/dt 
= 0.01 V·s-1 in the range of -0.5<ESCE<1.5 V. 
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Fig. 33: CV of a modified gold electrode in aqueous solution of 0.1 M KClO4, dE/dt = 0.01 
V·s-1 
Fig. 34 shows comparison CVs of a polycrystalline gold electrode pretreated with 1 mM 2-
mercaptopyridine dissolved in absolute ethanol, in aqueous solution of 0.1 M KClO4, different 
scan rates (dE/dt = 0.01 and 0.05 V·s-1) in the range of -0.5<ESCE<1.5 V. 
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Fig. 34: Comparison between CVs of a modified gold electrode in aqueous solution of 0.1 M 
KClO4, different scan rates 
In the anodic-going scan a sharp peak at 1.16 V caused by oxidation of gold is observed. In 
the cathodic-going scan a medium peak and a small one are found at 0.67 and 0.26 V that are 
related to reduction of gold oxidant species.  
3.1.17 Comparison between CVs of these thiolates  
It is worth to compare related thiolates to each other to find more information about packness, 
electron-donating and withdrawing character and etc. 
  
Fig. 35 shows comparison between 4-mercaptophenol and 1,4-dithiobenzene in aqueous 
solution of 0.1 M HClO4 solution.  
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Fig. 35: Comparison between CVs of 1,4-dithiobenzene and 4-mercaptophenol in aqueous 
solution of 0.1 M HClO4,  dE/dt = 0.1 V·s
-1 
It can be observed in the figure that during the anodic-going scan oxidation of gold occur at 
1.251 V for 4-mercaptophenol and 1.50 V for 1,4-dithiobenzene, which in the cathodic-going 
scan oxidant species undergoes reduction at 0.797 V for 4-mercaptophenol and 0.824 V for 
1,4-dithiobenzene.  
The difference between these two thiolates is just one atom in structural formula but as it is 
observed the oxidation-reduction peak currents and peak positions are different and 1,4-
dithiobenzene shows more blocking behavior than 4-mercaptophenol. The reduction peak is a 
good characteristic peak for evaluating gold reduction. 
In case of 1,4-dithiobenzene reduction peak current is so smaller than 4-mercaptophenol that 
shows gold surface becomes more stable and covered with monolayer. 
Fig. 36 shows comparison between two others related thiolates, 4-aminothiophenol and 4-
nitrohiophenol in aqueous solution of  0.1 M HClO4 solution. 
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Fig. 36: Comparison between CVs of  4-aminothiophenol and 4-nitrophenol in aqueous 
solution of 0.1 M HClO4, dE/dt = 0.1 V·s
-1 
In this case the para substituted group just differs, one of these thiolates has NH2 and the other 
has NO2 in para positions. It is observed the oxidation-reduction peak currents and peak 
positions are different. 
It can be observed in the figure that during the anodic-going scan oxidation of gold occur at 
1.349 V for 4-nitrothiophenol and 1.285 V for 4-aminothiophenol, which in the cathodic-
going scan oxidant species undergoes reduction at 0.786 V for 4-NTP and 0.818 V for 4-ATP. 
It might be suggested that 4-NTP exhibits more blocking behavior regard to higher oxidation-
reduction peak currents. 
Fig. 37 shows comparison between two related thiolates 4-mercaptopyridine and 2-
mercaptopyridine in aqueous solution of 0.1 M HClO4 solution. 
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Fig. 37: Comparison between CVs of 2-mercaptopyridine and 4-mercaptopyridine in aqueous 
solution of 0.1 M HClO4, dE/dt = 0.1 V·s
-1 
It can be observed in the figure that during the anodic-going scan oxidation of gold occur at 
1.391 V for 2-Mpy and 1.221 V for 4-Mpy, which in the cathodic-going scan oxidant species 
undergoes reduction at 0.839 V for 2-Mpy and 0.813 V for 4-Mpy.  
The difference between these two thiolates is just about the place of nitrogen inside the 
aromatic ring, but as it is observed the oxidation-reduction peak currents and peak positions 
are completely different. Regard to gold reduction peak current, 2-Mpy exhibits more 
blocking behavior than 4-Mpy. 
 
As CVs of a bare gold and these thiolates have one single reduction peak in aqueous solution 
of 0.1 M HClO4, it is reasonable and reliable to use this reduction peak for investigating 
electron-donating and  electron-withdrawing effect. By checking the position of reduction 
peak and shifting to left or right regard to position of bare gold reduction peak, it is possible to 
say which one has electron-donating or electron-withdrawing character. It is also possible to 
use thiophenol as reference while these thiolates are homologous. 
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Table 1 shows difference in oxidation-reduction peak potential values: 
 
 
Para-
substituted 
 
gold oxidation potential in aqueous 
solution of 0.1 M HClO4 
Gold reduction potential in 
aqueous solution of 0.1 M 
HClO4 
-NH2 1.285 V 0.818 V 
-OH 1.251 V 0.797 V 
-H 1.278 V 0.818 V 
-SH 1.50 V 0.824 V 
-NO2 1.349 V 0.786 V 
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3.2 Introduction 
Copper and its alloy have a wide range of applications in many branches of industry owing to 
their superior properties and broadly used in several industrial applications, owing to its high 
electrical and thermal conductivity, ductility and malleability. However surface corrosion 
processes can seriously affect its performance in various fields, ranging from fine electronic 
devices to tubes in thermal and nuclear power plants, for different reasons [132]. In industrial 
heat transfer applications copper is employed in aggressive water environments where 
corrosion processes can readily happen and seriously affect heat transfer rates and equipment 
performance [133,134]. For this reason, most of the copper applications require the protection 
of copper surface in order to prevent aqueous and atmospheric corrosion. The electrochemical 
behavior of copper in the different aqueous media has been extensively studied since the 
beginning of this century; a comprehensive review was made by Bertocci and Turner [135] 
Corrosion characteristics in acidic media have been reviewed by Smyrl [136]. At low 
concentrations of the acid it is already well established that copper dissolution is the main 
anodic process. The mechanism proposed by Bockris and co-workers [137,138] is generally 
accepted [136]. Most of the related studies were performed at constant current conditions, 
basically because the process of electrochemical machining is carried out in this way 
[139,140]. 
3.2.1 Electrochemical behavior of a clean polycrystalline rod copper electrode in 
aqueous solution of 0.1 M KClO4 
The CV of bare copper has the typical shape in potassium perchlorate solution. As copper is 
not a noble metal the overall CVs exhibits small changes in contrast to CVs of gold that with 
increasing number of cycles are fixed. The amount of copper dissolution into supporting 
solution compared to noble metals are too much. Figure 42 shows a typical cyclic 
voltammagram for copper in 0.1 M KClO4 run at 0.1 V s
-1. An anodic current peak oxidation 
of copper appears around -0.05V. During the reverse scan a cathodic current peak appears 
around -0.1V that can be associated with the reduction of the anodically copper film formed 
and is related to the reduction of Cu2+ aqueous ions.  
Fig. 42 shows cyclic voltammogram (CV) of cleaned polycrystalline bare rod copper 
electrode in aqueous solution of 0.1 M KClO4 , nitrogen purged. The CV recorded at scan rate 
of 0.1 V·s-1 in the potential range of -0.8<ESCE<0.2 V.  
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Fig. 42: CV of a polycrystalline rod copper electrode in aqueous solution of 0.1 M KClO4 , 
dE/dt = 0.1 V·s-1  
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Fig. 43 The orientation of 1,4-dithiobenzene on copper substrate 
 
 
3.2.2 Electrochemical behavior of 1,4-dithiobenzene in aqueous solution of 0.1 M KClO4 
Cyclic voltammetry performed in order to qualify and quantify Cu passivation by self-
assembled monolayers in 0.1 M potassium perchlorate solution.  
Fig. 44 shows cyclic voltammogram (CV) of modified rod copper electrode with 1,4-
dithiobenzene in aqueous solution of 0.1 M KClO4 , nitrogen purged. The CV recorded at 
scan rate of 0.1 V·s-1 in the potential range of -0.8<ESCE<0.2 V. 
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Fig. 44: CV of a polycrystalline rod copper electrode modified by 1,4-dithiobenzene in 
aqueous solution of 0.1 M KClO4 , dE/dt = 0.1 V·s
-1  
Fig. 45 shows comparison between CVs of polycrystalline bare copper electrode and modified 
electrode with 1mM 1,4-dithiobenzene. 
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Fig. 45: Comparison between CVs of a bare and a modified copper electrode in aqueous 
solution of 0.1 M KClO4, dE/dt = 0.1 V·s
-1  
As well as gold modified with 1,4-dithiobenzene, the copper modified with 1,4-dithiobenzene 
exhibits the same behavior and oxidation-reduction of copper totally stopped that means the 
monolayer covered the copper surface. 
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Fig. 46 The orientation of thiophenol on copper substrate 
3.2.3 Electrochemical behavior of thiophenol in aqueous solution of 0.1 M KClO4 
Cyclic voltammetry performed in order to qualify and quantify Cu passivation by self-
assembled monolayers in 0.1 M potassium perchlorate solution.  
Fig. 47 shows cyclic voltammogram (CV) of modified rod copper electrode with thiophenol 
in aqueous solution of 0.1 M KClO4 , nitrogen purged. The CV recorded at scan rate of 0.1 
V·s-1 in the potential range of -0.8<ESCE<0.2 V. 
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Fig. 47: CV of a polycrystalline rod copper electrode modified by thiophenol in aqueous 
solution of 0.1 M KClO4 , dE/dt = 0.1 V·s
-1 
Fig. 48 shows comparison between CVs of polycrystalline rod bare copper electrode and the 
same electrode pretreated with 6 mM ethanoic solution of thiophenol. 
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Fig. 48 Comparison between CVs of a bare and a modified copper electrode in aqueous 
solution of 0.1 M KClO4, dE/dt = 0.1 V·s
-1  
Comparing to CV of bare copper, it can be observed that the monolayer prevent the oxidation 
and reduction of copper. 
S
NO
2
Substrate  
 
Fig. 49 The orientation of 4-nitrothiophenol on copper substrate 
3.2.4 Electrochemical behavior of 4-nitrothiophenol in aqueous solution of 0.1 M KClO4 
Fig. 50 shows cyclic voltammogram (CV) of modified rod copper electrode with 4-
nitrothiophenol in aqueous solution of 0.1 M KClO4 , nitrogen purged. The CV recorded at 
scan rate of 0.1 V·s-1 in the potential range of -0.8<ESCE<0.2 V. 
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Fig. 50: CV of a polycrystalline rod copper electrode modified by 4-nitrothiophenol in 
aqueous solution of 0.1 M KClO4 , dE/dt = 0.1 V·s
-1 
Fig. 51 shows comparison between CVs of polycrystalline rod bare copper electrode and the 
same electrode pretreated with 1mM 4-nitrothiophenol. 
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Fig. 51: Comparison between CVs of a bare and a modified copper electrode in aqueous 
solution of 0.1 M KClO4, dE/dt = 0.1 V·s
-1  
It might be suggested that the adlayer is not packed well and there are some places on the 
surface of copper that still stay without coverage. 
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Fig. 52 The orientation of 4-mercaptophenol on copper substrate 
3.2.5 Electrochemical behavior of 4-mercaptophenol in aqueous solution of 0.1 M KClO4 
Fig. 53 shows cyclic voltammogram (CV) of modified rod copper electrode with 4-
mercaptophenol in aqueous solution of 0.1 M KClO4 , nitrogen purged. The CV recorded at 
scan rate of 0.1 V·s-1 in the potential range of -0.8<ESCE<0.2 V. 
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Fig. 53: CV of a polycrystalline rod copper electrode modified by 4-mercaptophenol in 
aqueous solution of 0.1 M KClO4 , dE/dt = 0.1 V·s
-1. 
Fig. 54 shows comparison between CVs of polycrystalline rod bare copper electrode and the 
same electrode pretreated with 1mM 4-mercaptophenol. 
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Fig. 54: Comparison between CVs of a bare and a modified copper electrode in aqueous 
solution of 0.1 M KClO4, dE/dt = 0.1 V·s
-1  
Regarding to CV of bare copper, it can be observed that oxidation and reduction of copper 
stopped not totally and as mentioned before there is some places on copper surface that still 
stay without coverage and behave like ultra micro electrode that from these places copper 
oxidation is detectable.  
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Fig.55 The orientation of 4-aminothiophenol on copper substrate 
3.2.6 Electrochemical behavior of 4-aminothiophenol in aqueous solution of 0.1 M 
KClO4 
Fig. 56 shows cyclic voltammogram (CV) of modified rod copper electrode with 4-
aminothiophenol in aqueous solution of 0.1 M KClO4 , nitrogen purged. The CV recorded at 
scan rate of 0.1 V·s-1 in the potential range of -0.8<ESCE<0.2 V. 
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Fig. 56: CV of a polycrystalline rod copper electrode modified by 4-aminothiophenol in 
aqueous solution of 0.1 M KClO4 , dE/dt = 0.1 V·s
-1 
Fig. 57 shows comparison between CVs of polycrystalline rod bare copper electrode and the 
same electrode pretreated with 1mM 4-aminothiophenol. 
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Fig. 57: Comparison between CVs of a bare and a modified copper electrode in aqueous 
solution of 0.1 M KClO4, dE/dt = 0.1 V·s
-1  
Regarding to CV of bare copper, it can be observed that oxidation and reduction of copper 
became inhibited and as mentioned before there is some places on copper surface that still 
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stay without coverage and behave like ultra micro electrode that from these places copper 
oxidation is detectable. 
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Fig. 58 The orientation of 2-mercaptopyridine on copper substrate 
 
3.2.7 Electrochemical behavior of 2-mercaptopyridine in aqueous solution of 0.1 M 
KClO4 
Fig. 59 shows cyclic voltammogram (CV) of modified rod copper electrode with 2-
mercaptopyridine in aqueous solution of 0.1 M KClO4 , nitrogen purged. The CV recorded at 
scan rate of 0.1 V·s-1 in the potential range of -0.8<ESCE<0.2 V. 
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Fig. 59: CV of a polycrystalline rod copper electrode modified by 2-mercaptopyridine in 
aqueous solution of 0.1 M KClO4 , dE/dt = 0.1 V·s
-1 
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Fig. 60 shows comparison between CVs of polycrystalline rod bare copper electrode and the 
same electrode pretreated with 1mM 2-mercaptopyridine. 
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Fig. 60: Comparison between CVs of a bare and a modified copper electrode in aqueous 
solution of 0.1 M KClO4, dE/dt = 0.1 V·s
-1  
Regarding to CV of bare copper, it can be observed that oxidation and reduction of copper 
stopped not completely and as mentioned before there is some places on copper surface that 
still stay without coverage and behave like micro ultra electrode that from these places copper 
oxidation is detectable. 
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Fig. 61 The orientation of 4-mercaptopyridine on copper substrate 
3.2.8 Electrochemical behavior of 4-mercaptopyridine in aqueous solution of 0.1 M 
KClO4 
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Fig. 62 shows cyclic voltammogram (CV) of modified rod copper electrode with 4-
mercaptopyridine in aqueous solution of 0.1 M KClO4 , nitrogen purged. The CV recorded at 
scan rate of 0.1 V·s-1 in the potential range of -0.8<ESCE<0.2 V. 
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Fig. 62: CV of  a polycrystalline rod copper electrode modified by 4-mercaptopyridine in 
aqueous solution of 0.1 M KClO4 , dE/dt = 0.1 V·s
-1 
 
Fig. 63 shows comparison between CVs of polycrystalline rod bare copper electrode and the 
same electrode pretreated with 1mM 4-mercaptopyridine. 
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Fig. 63: Comparison between CVs of a bare and a modified copper electrode in aqueous 
solution of 0.1 M KClO4, dE/dt = 0.1 V·s
-1  
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Regarding to CV of bare copper, it can be observed that in this case that copper modified by 
4-Mpy is not a good choice for protecting the copper against corrosion because the oxidation 
peak current for modified copper is comparable with bare copper. 
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3.3 Surface enhanced Raman spectroscopy 
 
Although electrochemical techniques are suitable for collecting kinetic and thermodynamic 
data from electrochemical systems, they do not give atomic and molecular scale information 
on interfacial structures. In order to investigate the correlation between the structure of a self-
assembled layer and its physical and chemical properties, many surface analytical techniques 
have been utilized. The discovery of a particular enhancement effect (up to 106) that affects 
only species in close contact with the metal electrode surface (i.e. Adsorbed species) by 
Fleischmann et al. [141](1974) and slightly later by Jeanmaire et al. [142] (1977) and a report 
on the utilization of resonance enhancement in surface Raman spectroscopy [143] (1975) 
demonstrated surprisingly the feasibility of vibrational studies of elecrochemical interfaces 
with Raman spectroscopy. The wide range of accessible wavelengths (100_4000 cm-1), the 
possible resolution (1 cm-1 or better), the fast response of the detection set up (ns) and the lack 
of interference by water  because of its weak Raman scattering make SERS as a powerful 
method for studying the co-adsorbed on metal surface. As a nondestructive sensitive tool for 
studying the metal-adsorbate interactions and the reactivity of adsorbed species surface 
enhanced Raman scattering (SERS) is used since it can provide unique information about the 
structure and the orientation of the molecules adsorbed on the metal surface. Furthermore, 
several applications of SERS have been written for self-assembled monolayer [144,145], 
chemical detection [146], biochemistry [147 - 149] and single molecule detection [150,151]. 
The most interesting aspect of SERS measurements is the accessibility of a large number of 
vibrational transitions where modes are associated with specific molecular conformations 
allowing direct characterization of the structure and the molecular composition [152,153]. 
Previous research has shown that the frequency of vibrational modes can also yield structural 
information, where the change in frequency can be correlated with changes in the local 
environment of the investigated molecule [154,155]. SERS has been widely used in ambient 
and electrochemical environments [156]. Actually, it is considered to be the most suitable tool 
for in situ observation of surfaces in electrochemical environment. Regard to my dissertation 
title a comparison between SERS of aryl thiolates on gold and copper surfaces in the same 
condition was presented and interpretation of Raman band was limited to just tables. 
 
 
68 
3.3.1 SER spectra of thiophenol in aqueous solution of 0.1 M KClO4 
Fig. 64 shows SER spectra of thiophenol, chemisorbed from ethanolic solution of 0.6 mM 
thiophenol on a roughened polycrystalline gold electrode surface at different potential values 
in aqueous solution of  0.1 M KClO4. 
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Fig. 64: SER spectra of thiophenol chemisorbed from ethanolic solution of 0.6 m M 
thiophenol on polycrystalline gold electrode in aqueous solution of  0.1 M KClO4 at different 
potential values. 
 
 
As it can be seen at open circuit potential thiophenol SER spectrum exhibits the highest 
Raman intensity and for this reason it selected and the band values are based on it. 
  
Table 2 presents the frequencies and assignments of Raman bands of chemisorbed thiophenol 
on gold electrode. 
Wilson # Sym.   Mode[157] SERS[158]     Raman [157]  SERS(OCP) 
10b  b1  γ CS  185  189  184 
…  …  νAu-S  …...  ….  256 
9b  b2  β CS  278  279  …. 
7a  a1   νCS + β CCC 412  414  417 
16b  b1  γ CCC  462  464  471 
6b  b2  β CCC + νCS 615  618  614 
4  b1  γ CCC  689  689  692 
6a  a1  β CCC + νCS 697  700  …. 
11  b1   γ CH  737  739  741 
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10a  a2  γ CH  836  837  830 
17b  b2  γ CH  904  901  …. 
…  C-S-H bending β SH  914  917  …. 
17a  a2  γ CH  958  958  931 
5  b1  γ CH  991  990  997 
12  a1  β CCC  1000  1002  …. 
18a  a1  β CH  1024  1026  1022 
18b  b2  β CH  1070  1072  1072 
1  a1  β CCC + νCS  1092  1093  1110 
15  b2  β CH  1157  1158  1154 
9a  a1  β CH  1180  1182  1177 
3  b2  β CH  1272  1272  1276 
14  b2  νCC  1328  1330  1373 
19b  b2  νCC  1441  1443  1434 
19a  a1  νCC  1481  1479  1473 
8a  a1   νCC  1581  1584  1574 
 
 
ν = stretching mode; β = in-plane bending mode; γ = out-of-plane bending mode. 
 
Thiophenol chemisorbed readily on gold, producing bands of significant intensity in the SER 
spectrum. Table 3 lists the band positions and their assignments. The band position were 
nearly the same as the result presented by Shujin Li at el [158]. However, a few remarkable 
spectral changes occurred following the adsorption of thiophenol on gold. When the 
molecules are chemisorbed on the metal surface, there is an overlapping of the adsorbent and 
metal orbitals, the molecular structure will be changed and in the consequence, the positions 
and relative intensities of SERS bands are changed. Joo and coworkers [159] found a Au-S 
mode with benzyl phenyl sulfide adsorbed on a gold sol at 227 cm-1. In a SER study of 
adsorbed benzenethiol a mode at 270 cm-1 was assigned to a Au-S stretching mode as already 
proposed previously [160]. Based on these studies the Au-S stretching band for thiophenol 
chemisorbed on gold surface and Ag-S stretching bands for thiophenol chemisorbed on 
sedimented silver over modified copper must be appeared somewhere near to these ranges. 
The Au-S mode found at 256 cm-1 for thiophenol chemisorbed on gold and the Ag-S mode 
found at 228 cm-1. As the same laser light source was used in both investigation, this 
downward band positional shifting from 256 to 228 cm-1 might be explained as stronger 
interaction between thiophenol and silver surface than thiophenol and gold surface. For the 
other Raman bands the differences between thiophenol chemisorbed on gold surface and 
chemisorbed on silver sedimented on modified copper are limited to few wavelength 
numbers. The main difference between two SERS is Raman intensity which for thiophenol 
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chemisorbed on gold is about 10 folds than thiophenol chemisorbed on silver sedimented on 
modified copper and other aryl thiolates in this study exhibit the same behavior. 
 
Fig. 65 shows SER spectra of thiophenol, chemisorbed from ethanolic solution of 0.6 mM 
thiophenol on silver sedimented over modified copper electrode at different potential values 
in aqueous solution of  0.1 M KClO4. 
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Fig. 65: SER spectra of thiophenol chemisorbed from ethanolic solution of 0.6 m M 
thiophenol on silver sedimented over modified copper electrode with thiophenol in aqueous 
solution of 0.1 M KClO4 at different potential 
 
Table 3 presents the frequencies and assignments of Raman bands of thiophenol chemisorbed 
on silver sedimented over copper modified with thiophenol self-assembled monolayer.  
Wilson # Sym.   Mode [157]  SERS [158]     Raman  [157] SERS(OCP) 
10b  b1  γ CS  185  189  …. 
…  …  ν Ag-S  237  …  228 
9b  b2  β CS  278  279  ….. 
7a  a1   νCS + β CCC 412  414  414 
16b  b1  γ CCC  462  464  468 
6b  b2  β CCC + νCS 615  618  …. 
4  b1  γ CCC  689  689  688 
6a  a1  β CCC + νCS 697  700  …. 
11  b1   γ CH  737  739  …. 
10a  a2  γ CH  836  837  822 
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17b  b2  γ CH  904  901  …. 
…  C-S-H bending β SH  914  917  …. 
17a  a2  γ CH  958  958  932 
5  b1  γ CH  991  990  994 
12  a1  β CCC  1000  1002  …. 
18a  a1  β CH  1024  1026  1019 
18b  b2  β CH  1070  1072  1071 
1  a1  β CCC + νCS  1092  1093  1107 
15  b2  β CH  1157  1158  …... 
9a  a1  β CH  1180  1182  1178 
3  b2  β CH  1272  1272  …... 
14  b2  νCC  1328  1330  …... 
19b  b2  νCC  1441  1443  …... 
19a  a1  νCC  1481  1479  1472 
8a  a1   νCC  1581  1584  1572 
…  SH stretching ν (SH)  2566  2567  ….. 
 
ν = stretching mode; β = in-plane bending mode; γ = out-of-plane bending mode. 
 
 
Thiophenol chemisorbed readily on silver, producing bands of significant intensity in the SER 
spectrum. Table 3 lists the band positions and their assignments. The band position were 
nearly the same as the result presented by Tai Ha Joo at el [157]. However, a few remarkable 
spectral changes occurred following the adsorption of thiophenol on silver. Most prominently, 
the bands at 2567 and 917 cm-1 in the spectrum of the neat liquid which were assigned to the 
stretching and bending vibrations of the S-H bond, respectively, can no longer be detected in 
the SER spectrum. This observation indicate that thiophenol is chemisorbed dissociatively on 
the silver surface by rupture of the S-H bond. It can be also seen from Table 3 that a few peak 
positions are shifted as thiophenol is adsorbed on the silver surface. Such positional shifts are 
usually explained as being due to a change of the environment for adsorbed molecules [157]. 
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3.3.2 SER spectra of 4-mercaptophenol in aqueous solution of 0.1 M KClO4 
Fig. 66 shows SER spectrum of 4-mercaptophenol chemisorbed from ethanolic solution of 0.1 
mM 4-mercaptophenol on a roughened polycrystalline gold surface at open circuit potential 
value in 0.1 M KClO4. 
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Fig. 66: SER spectrum of 4-mercaptophenol chemisorbed from ethanolic solution of 0.1 m M 
4-mercaptophenol on polycrystalline gold electrode in aqueous solution of 0.1 M KClO4. 
Table 4 present the frequencies and assignments of Raman bands of chemisorbed 4-
mercaptophenol on gold electrode.  
 
Wilson# Sym.  Mode       SERS [161]  Raman  [161]   SERS(OCP)  
7a   a1 CH wagging  389 384   390 
12   a1 CCC bending  637 635   630 
4   b2 CH, CS and CC wagging695 701   665 
11   b1 CH wagging  818 815   ….. 
17b   b1 CH wagging  829 829   832 
…  .. SH bending  910 918   934 
18a   a1 CC, CCC bending 1007 1011   1006 
1   a1 CH,CS and CC stretching1098 1102   ….. 
9b   b2 CH bending  1171 1171   1170 
…  .. OH deformation  1220 1225   ….. 
13  .. n.a   1256 1249   ….. 
3  b2 CH bending + CC stretching1277 1277   1298 
19b   b2 CC stretching + CH bending1492 1493   1490 
8b   b2 CC stretching  1585 1590   1594 
8a   a1 CC stretching  1600 1602   …... 
…  ..  ν (SH)  2566    ….... 
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ν, stretching mode 
 
Fig. 67 shows SER spectra of 4-mercaptophenol chemisorbed from ethanolic solution of 0.1 
mM 4-mercaptophenol on silver sedimented over modified copper electrode at different 
potential values in aqueous solution of  0.1 M KClO4. 
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Fig. 67: SER spectra of 4-mercaptophenol chemisorbed from ethanolic solution of 0.1 m M 4-
mercaptophenol on silver sedimented over modified copper electrode in aqueous solution of  
0.1 M KClO4. 
 
Table 5 present the frequencies and assignments of Raman bands of chemisorbed 4-
mercaptophenol on silver sedimented on modified copper electrode.  
 
Wilson# Sym.  Mode      SERS [161]Raman [161]  SERS(OCP)  
7a   a1 CH wagging  389 384   390 
12   a1 CCC bending  637 635   638 
4   b2 CH, CS and CC wagging695 701   723 
11   b1 CH wagging  818 815   818 
17b   b1 CH wagging  829 829   …. 
…  … SH bending  910 918   932 
18a   a1 CC bending , Condescending 1007 1011   1017 
1  a1 CH,CS and CC stretching1098 1102   1110 
9b   b2 CH bending   1171   1184 
…  … OH defromation  1220 1225   1218 
13  … n.a   1256 1249   …. 
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3   b2 CH bending + CC stretching1277 1277   …. 
19b   b2 CC stretching + CH bending1492 1493   …. 
8b   b2 CC stretching  1585 1590   1583 
8a   a1 CC stretching  1600 1602   …. 
…  …  ν (SH)  2566    ….. 
 
ν, stretching mode 
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3.3.3 SER spectra of 4-nitrothiophenol in aqueous solution of 0.1 M KClO4 
Fig. 68 shows SER spectra of 4-nitrothiophenol, chemisorbed from ethanolic solution of 0.1 
mM 4-nitrothiophenol on a roughened polycrystalline gold surface, are shown in Fig. 28 in 
aqueous solution of  0.1 M KClO4. 
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Fig. 68: SER spectra of 4-nitrothiophenol chemisorbed from ethanolic solution of 0.1 m M 4-
nitrothiophenol on polycrystalline gold electrode in aqueous solution of  0.1 M KClO4. 
 
Table 6 presents a complete interpretation giving the approximate type of mode in the 
spectrum for 4-nitrothiophenol chemisorbed on gold electrode. 
 
Wilson# Sym.  Mode  Raman [162]   SERS [162]  SERS(OCP) 
 
…  n.a  C-S rocking 161  ...  ….. 
…  n.a  S-H wagging 194  ...  ….. 
…  n.a  Ring-wagging 273  278  ….. 
…  n.a  C-C-S deformation294  292  ….. 
…  n.a  Ring deform. 317  328  ….. 
16a  a2u  Ring deform. 406  ...  403 
…  n.a  C-H wagging 470  ...  ….. 
…  n.a  Ring deform. 531  530  ….. 
…  n.a  C-H bending 552  ...  548 
6a,6b  e2g  Ring deform. 627  ...  ….. 
…  n.a  C-H wagging 681  ...  718 
4  b2g  C-H stretching 740  723  ….. 
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10a  b1g  C-H wagging 820  ...  ….. 
…  n.a  C-N stretching 840  ...  ….. 
10a,10b e1g  C-H wagging 856  854  ….. 
…  n.a  C-H wagging 931  ...  ….. 
…  n.a  C-H wagging 965  ...  ….. 
18a  b1u  Ring breath. 1010  1010  1007 
…  n.a  C-H bending 1062  1052  …... 
...  n.a  C-H bending 1079  1083  1078 
18b  b2u  C-H bending 1100  1110  ….. 
…  ..  n.a  …..  1143  1140 
9a,9b  e2g  C-H bending 1181  1181  1188 
3b  b3g  NO2 sym. 1335  1340  1305 
…  n.a  C-H bending 1362  …..  ….. 
14b  b2u  Ring stretching 1389  1388  1391 
19b  b2u  Ring stretching 1422  1438  1436 
19a  b1u  Ring stretching 1477  1473  ….. 
…  n.a  NO2 antisym. 1505  …..  …... 
8a,8b  e2g  C═C stretching 1577  1573  1579 
…  n.a  C═C stretching 1595  …..  …... 
…  n.a  S-H stretching 2550  …..  …... 
 
 
Experimental wavenumbers and assignments of vibrational modes (under the assumption that 
the 4-nitrothiophenol molecule adopts a Cs point group) of p-NTP on gold and silver surfaces 
are summarized in table 6 and 7. p-NTP is a planar molecule with Cs symmetry and the 39 
fundamental vibrations modes and all the vibrational fundamentals are Raman and infrared 
active [162]. 
Fig. 69 shows SER spectra of 4-nitrothiophenol, chemisorbed from ethanolic solution of 0.1 
mM 4-nitrothiophenol on silver sedimented over modified copper electrode in aqueous 
solution of  0.1 M KClO4 at different potential. 
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Fig. 69: SER spectra of 4-nitrothiophenol chemisorbed from ethanolic solution of 0.1 m M4-
nitro thiophenol on silver sedimented  over  modified copper electrode in aqueous solution of  
0.1 M KClO4 at different potential. 
Table 7 presents a complete interpretation giving the approximate type of mode in the 
spectrum for 4-nitrothiophenol chemisorbed on silver sedimented over modified copper. 
 
Wilson# Sym.  Mode  Raman [162] SERS [162]   SERS(OCP) 
…  n.a  C-S rocking 161        278  ….. 
…  n.a  S-H wagging 194        …..  ….. 
…  n.a  Ring-wagging 273        278  ….. 
…  n.a  C-C-S deformation294        292  ….. 
…  n.a  Ring deform. 317        328  327 
16a  a2u  Ring deform. 406        ….  397 
…  n.a  C-H wagging 470        …..  …. 
…  n.a  Ring deform. 531        530  528 
…  n.a  C-H bending 552        …..  ….. 
6a,6b  e2g  Ring deform. 627        …..  623 
…  n.a  C-H wagging 681        …..  718 
4  b2g  C-H stretching 740         723  737 
10a  b1g  C-H wagging 820        …..  820 
…  n.a  C-N stretching 840        …..  …. 
10a,10b e1g  C-H wagging 856        854  854 
…  n.a  C-H wagging 931  …..  ….. 
…  n.a  C-H wagging 965  …..  ….. 
18a  b1u  Ring breath. 1010         1010  1008 
…  n.a  C-H bending 1062  1052  …... 
...  n.a  C-H bending 1079  1083  1078 
18b  b2u  C-H bending 1100  1110  1110 
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9a,9b  e2g  C-H bending 1181  1181  1186 
3b  b3g  NO2 sym. 1335  1340  1336 
…  n.a  C-H bending 1362  …...  …... 
14b  b2u  Ring stretching 1389  1388  1376 
19b  b2u  Ring stretching 1422  1438  1423 
19a  b1u  Ring stretching 1477  1473  1474 
…  n.a  NO2 antisym. 1505  …...  …... 
8a,8b   e2g  C═C stretching 1577  1573  1575 
…  n.a  C═C stretching 1595  …...  …... 
…  n.a  S-H stretching 2550  …...  …... 
 
In an earlier work, Sandroff and Herschbach [163] assigned the Ag-S stretching vibration to a 
band seen at 246 cm-1 in the SERS spectrum of phenyl mercaptide and at 302 cm-1 in the 
SERS of benzyl mercaptide. Recently, a SEIR study of p-NTP adsorbed on silver islands has 
been published [164], where the chemisorption of p-NTP through a Ag-S bond was also 
assumed based on the disappearance of the SH marker. The frequency range of the S-H 
stretching mode is 2590-2560 cm-1 for aliphatic and aryl thiols and it appears as a strong and 
polarized band. A complete interpretation giving the approximate type of mode in the 
spectrum is proposed in Tables 6 and 7. 
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3.3.4 SER spectra of 4-aminothiophenol in aqueous solution of 0.1 M KClO4 
Fig. 70 shows SER spectra of 4-aminothiophenol, chemisorbed from ethanolic solution of 0.1 
mM 4-aminothiophenol on a roughened polycrystalline gold surface at different potential 
values in 0.1 M KClO4. 
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Fig. 70: SER spectra of 4-aminothiophenol chemisorbed from ethanolic solution of 0.1 m M 
4-aminothiophenol on polycrystalline gold electrode in 0.1 M KClO4 at different potential 
values. 
 
Table 8 presents a complete interpretation giving the approximate type of mode in the spectra 
for 4-aminothiophenol chemisorbed on roughed gold surface. 
 
Wilson# Sym.  Mode     Raman [165] SERS [165]  SERS(OCP) 
10  b1  πCN+πCS+τCC 196 m  ….  …..... 
…  …  νAu-S   …....  213  …..... 
9  b2  δCN+δCS  256 w  ….  …..... 
18  b2  δCH+δCS  321 w  ….  …..... 
16  a2  τCC   396 w  406  …..... 
6  a1  γCCC   463 m  ….  438 
16  b1  γCCC   521 w  ….  491 
12  a1  γCCC   634 m  ….  650 
4  b1  πCH+πCS+πCC 699 vw ….  677 
10  b2  πCH   ….......  ….  ….... 
1  a1  νCH+νCS+νCC 799 m  ….  753 
11  b1  πCH   820 w  830  828 
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10  a2  πCH   …....  ….  …..... 
5  b1  πCH   …....  921  …..... 
17  a2  πCH   960 vw 950  …..... 
18  a1  γCC+γCCC  1011 w 1006  …..... 
7  a1  νCS   1089 vs 1077  1077 
15  b2  δCH   1118 w …..  …..... 
9  b2  δCH   1142 w 1142  1143 
9  a1  δCH   1173 m ….  1179 
…  ...  n.a   1206 m 1190  …..... 
…  ..  n.a   1266 w ….  …..... 
7  a1  νCH   …....  ….  …..... 
14  b2  νCC+δCH  1310 w 1306  …..... 
3  b2  δCH+νCC  …....  ….  ….... 
…  ..  n.a   …....  ….  1396 
19  b2  νCC+δCH  1445 c  1440  1445 
…  ..  n.a   1480 w 1472  ….... 
19  a1  νCC+δCH  1490 w ….  ….... 
8  b2  νCC   1572 c  1573  1568 
8  a1  νCC   1595 s  ….  …... 
…     ..  ν (SH)   2566  ….  ….. 
  
 
 
Abbreviations: s=strong, m=medium, w=weak, vw=very weak, ν=stretching; δ and 
γ=bending; π=wagging; τ=torsion. 
 
It can be seen that SERs and Raman are dominated by the bands around 1077 and 1568 cm-1 
attributed to S-C and C-C stretching vibrations, respectively. The apparent enhancement of 
the bands related to the phenyl group vibrations has been ascribed to the charge-transfer 
between the metal and the adsorbed molecules [166,167]. The absence of a S-H stretching 
mode (2580 cm-1) in the SERS spectrum, confirms that the Au-S chemical bond is formed. 
Thus, the spectral characteristics of the SERS spectrum demonstrate that the p-ATP molecules 
are adsorbed onto the gold surface through their sulfur atoms. 
 
Fig. 71 shows SER spectra of 4-aminothiophenol, chemisorbed from ethanolic solution of 0.1 
mM 4-aminothiophenol on silver sedimented over modified copper electrode in aqueous 
solution of 0.1 M KClO4 at different potential. 
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Fig. 71: SER spectra of 4-aminothiophenol chemisorbed from ethanolic solution of 0.1 m M 
4-aminothiophenol on silver sedimented over modified copper electrode in aqueous solution 
of 0.1 M KClO4 at different potential 
Table 9 presents a complete interpretation giving the approximate type of mode in the spectra 
for 4-aminothiophenol chemisorbed on silver sedimented on modified copper. 
 
Wilson# Sym.  Mode    SERS [165] Raman [165]  SERS(OCP) 
10  b1  πCN+πCS+τCC 196 m  ...  …..... 
…  ..  νAg-S   …....  213  …..... 
9  b2  δCN+δCS  256 w  ...  …..... 
18  b2  δCH+δCS  321 w  ...  …..... 
16  a2  τCC   396 w  406  388 
6  a1  γCCC   463 m  ...  427 
16  b1  γCCC   521 w  ...  …..... 
12  a1  γCCC   634 m  ...  636 
4  b1  πCH+πCS+πCC 699 vw ...  689 
10  b2  πCH   ….......  ...  …..... 
1  a1  νCH+νCS+νCC 799 m  ...  …..... 
11  b1  πCH   820 w  830  820 
10  a2  πCH   …....  ...  …..... 
5  b1  πCH   …....  921  …..... 
17  a2  πCH   960 vw 950  997 
18  a1  γCC+γCCC  1011 w 1006  1017 
7  a1  νCS   1089 vs 1077  1070 
15  b2  δCH   1118 w ...  …..... 
9  b2  δCH   1142 w 1142  1139 
9  a1  δCH   1173 m ...  1186 
…  ..  n.a   1206 m 1190  ….... 
…  ..  n.a   1266 w ...  …..... 
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7  a1  νCH   …....  ...  …..... 
14  b2  νCC+δCH  1310 w 1306  …..... 
3  b2  δCH+νCC  …....  ...  …..... 
…  ..  n.a   …....  ...  1384 
19  b2  νCC+δCH  1445 c  1440  1433 
…  ..  n.a   1480 w 1472  ….... 
19  a1  νCC+δCH  1490 w ...  ….... 
8  b2  νCC   1572 c  1573  1573 
8  a1  νCC   1595 s  ...  …... 
  
 
 
Abbreviations: s=strong, m=medium, w=weak, vw=very weak, ν=stretching; δ and 
γ=bending; π=wagging; τ=torsion. 
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4 Corrosion Investigation 
 
4.1 Introduction 
Numerous studies on copper corrosion protection have been published and recently reviewed 
[168]. In these investigations different compounds were considered as possible inhibitors, 
mainly organic compounds such as azoles, amines, amino acids and their derivatives [168].  
Self-assembled monolayers of alkanthiols have been considered for protection of copper 
surface from corrosion, because the strong chemical interaction between sulfur atoms and 
copper surface leads to stable and easy to prepare chemisorbed organic films. The 
investigated systems have shown a good protective effect against oxidation during exposure 
to air [169 - 171] and in water solutions [172 - 177], moreover it has been reported that their 
efficiency increases with the aliphatic chain length [169 - 171] as a consequence of the dense 
packing and crystallinity within the hydrocarbon layer and in contrary, the copper protection 
capability of aromatic thiol ad layers has been investigated [178 - 180]. It has been established 
that these molecules can self-assemble on copper surfaces forming compact layers bonded 
through the S atom and with the aromatic rings in an upright position [181 - 183]. The 
compact layer formed by the closely packed aromatic rings can, in principle, provide a better 
protection against corrosion than the SAM of non-aromatic organic molecules of comparable 
length [184]. 
4.2 Electrochemistry of copper in aqueous solution of 0.1 M potassium perchlorate 
In order to qualify and quantify Cu passivation by self-assembled monolayers in aqueous 0.1 
M potassium perchlorate solution cyclic voltammetry performed to evaluate monolayer 
stability against electrochemically induced metal corrosion by oxidation-reduction.  
Fig. 72 shows  cyclic voltammograms obtained from clean rod copper exposed to aqueous 
potassium perchlorate, nitrogen purged and silver/ silver chloride as reference electrode. The 
CV recorded at scan rate of 0.1 V·s-1 in the potential range of -0.8<ESCE<0.2 V. 
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Fig. 72: CVs of clean rod copper exposed to aqueous potassium perchlorate, dE/dt = 0.1 V·s-1 
The CV of bare copper  has the typical shape regarding to potassium perchlorate solution. The 
overall CVs of copper has the same shape but not stable in contrast to CVs of gold that with 
increasing number of cycles being stable this might be because of copper dissolution into 
experiment solution. Broad oxidation peak at 0.1V , attributed to Cu+1, and reduction peak 
around 0.5 V attributed to deposition of copper over the surface of electrode. 
 
Fig. 73 shows the CVs of modified copper in 0.1M KClO4 solution, room temperature, 
nitrogen purged and silver/ silver chloride as reference electrode. The CV recorded at scan 
rate of 0.1 V·s-1 in the potential range of -0.8<ESCE<0.2 V. 
 
 
85 
-0.8 -0.6 -0.4 -0.2 0.0 0.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
CVs of modified copper electrode
with 1,4-dithiobenzene
 
 
I 
/ 
m
A
E
Ag
+
/ AgCl
/ V
 
Fig. 73: CVs of modified copper in 0.1M KClO4 solution, dE/dt = 0.1 V·s
-1 
It shows that the peaks related to oxidation and reductions of copper disappeared and 
oxidation of copper stopped mainly by co-existence of ad layer. As it can be seen the 
oxidation peak current reduced from ̴  ̴ 1 mA for bare copper electrode to  0.2 mA for 
modified one and the reduction peak current  reduced from -1.5 mA to -0.4 mA for bare and 
modified copper electrodes respectively that shows electron transfer to copper redox system 
inhibited by 1,4-dithiobenzene self-assembled monolayer. In the next step the modified 
copper rod immersed into 0.1 M silver nitrate solution for few seconds then the modified 
copper rod drawn out and washed with plenty of deionized water and then used as working 
electrode. 
Fig. 74 shows cyclic voltammograms of exposed modified copper electrode into 0.1 M silver 
nitrate solution, room temperature, nitrogen purged and silver/ silver chloride as reference 
electrode, aqueous solution of 0.1 M KClO4 as supporting solution, at scan rate of 0.1 V·s
-1 in 
the potential range of -0.8<ESCE<0.2 V. 
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Fig. 74: CVs of modified copper exposed to 0.1 M silver nitrate solution for few seconds 
electrode in 1 M KClO4 solution, dE/dt = 0.1 V·s
-1 
The CV of modified copper exposed to silver nitrate solution for few seconds is totally 
different with modified one and oxidation and reduction peak current are very big compared 
to bare one. These differences do not mean that there is no ad layer over the surface, the SEM 
images show the existence of ad layer and silver islands on the surface of substrate. For better 
imagination the CVs of bare, modified and exposed electrode into silver nitrate solution  are 
shown together. Fig. 74 shows that the peak current for the case that exposed into 0.1 M silver 
nitrate solution for few seconds is higher than the bare one. modification of copper with the 
aromatic thiolate neither inhabit copper dissolution nor prevent the corrosion. Silver islands 
formation work as site for  electron transferring and with preparing higher surface area make 
it easier for oxidant agents and redox systems to receive electron from these islands and it 
does not need for oxidant agents to contact directly more with copper surface after growing 
islands. 
Fig. 75 shows Comparison of CVs of modified, bare and exposed modified copper into 0.1 M 
silver nitrate solution electrode in 1 M KClO4 solution, room temperature, nitrogen purged 
and silver/ silver chloride as reference electrode, at scan rate of 0.1 V·s-1 in the potential range 
of -0.8<ESCE<0.2 V. 
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Fig. 75: Comparison of CVs of modified, bare and exposed modified copper into 0.1 M silver 
nitrate solution electrode in 1 M KClO4 solution, dE/dt = 0.1 V·s
-1 
Deposition time and concentration of silver nitrate solution are key points, with increasing 
deposition time number of silver islands (silver nanostructures) and surface area of these 
islands become bigger and bigger and prepare more surface area for redox systems, for this 
reason oxidation and reduction peak current became very big compared to bare one (Fig. 75). 
 
 
4.3 Morphology investigation 
The corresponding morphologies and detailed was characterized by FESEM as shown in 
Fig.76 and 77. 
Fig. 76.a Shows SEM image of  morphological features of pristine copper, b and c show SEM 
images of modified copper by 1,4-dithiobezene. 
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Fig. 76: SEM images of a bare and a modified sheet of copper by 1,4-dithiobenzene. 
Fig. 76a Shows SEM image of morphological features of pristine copper and Fig. 76b and c 
show SEM images of modified copper, different resolution. As it can be seen the surface of 
copper covered very nice with ad layer and it is corresponds to the CVs of  bare and modified 
copper (Fig. 72-73). 
Fig. 77 a-f show  SEM images of growing of silver islands on the surface of modified copper 
with thiolate, different resolution and aspects. 
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Fig. 77: SEM images of a modified sheet of copper exposed to 0.1 M AgNO3 solution 
 
Fig. 77a shows SEM image of morphological features of modified copper sheet which 
exposed for less than 5 seconds to 0.1 M silver nitrate solution. Fig. 77b shows growing of 
silver islands with time. Fig. 80c-d different resolution of silver islands. Fig. 77 c-f 
corresponds to Fig. 74 and growing islands is the cause of  intensified peak current both for 
oxidation and reductions and these SEM  images show that silver islands navigate the 
electrode not copper and copper just play role as a base and producing  just electromotive 
driving force.  
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5. Electrocatalytic activity of silver sedimented over copper modified by thiophenol 
towards oxidation of hydroquinone 
 
5.1 Introduction 
 
The remarkable catalytic properties of electrode surfaces modified by monolayer amounts of 
metal adatoms obtained by underpotential deposition (UPD) have been the subject of a large 
number of studies during the last couple of decades, electrocatalysis on surfaces modified by 
foreign metal adatoms, oxidation of formaldehyde on platinum [185], electrocatalysis of 
oxygen and hydrogen peroxide reduction by UPD of bismuth on poly- and mono-crystalline 
gold electrodes in acid solutions [186], platinum modified by electrochemical deposition of 
adatoms [187], top-on-top monolayer formation of foreign metals on gold single crystal 
surfaces [188], the effect of specific adsorption of ions and underpotential deposition of 
copper on the electro-oxidation of methanol on platinum single-crystal surfaces [189], ultra 
thin Films of Ruthenium on Low Index Platinum Single Crystal Surfaces [190]. This interest 
stems from the possibility of implementing strictly surface modifications of electrocatalysts in 
an elegant, well-controlled way, and these bimetallic surfaces can serve as models for the 
design of new catalysts. In addition, some of these systems may have potential for practical 
applications. The UPD of metals, which in general involves the deposition of up to a 
monolayer of metal on a foreign substrate at potentials positive to the reversible 
thermodynamic potential, facilitates this type of surface modification, which can be 
performed repeatedly by potential control. Catalytic and electrocatalytic behavior of metal 
cations  immobilized on the top side of self-assembled monolayer for oxidation and reduction 
of organic and biological compound have been reported by several investigators, 
electrocatalytic oxidation of hydroquinone with Cu2+modified gold-L-cysteine self-assembled 
monolayer electrodes [191], oxidation of sulfide ion by Cu(II)-alizarine complexone 
supported on graphite electrode [192], determination of Cu(II) using its catalytic effect for 
indigo carmine-potassium bromated reaction [193], determination of cysteine at a glassy 
carbon electrode modified by Cu(II) ions [194], catalytic oxidation of phenols by a Cu(II)-
Schiff base complex in aqueous solution [195], catalytic oxidation of L-cysteine in oxygen-
saturated aqueous solution by Cu(II) supported on a polymer [196], have been studied. A 
number of papers have been devoted to the catalytic [197,198]and electrocatalytic [199 - 
201]activity of Cu(II) for redox reaction of pbenzoquinone/hydroquinone (PBQ/H2Q). 
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Shervedani et al. [201] have reported. Both the cited methods for electrocatalysis of organic 
and biological compounds prompted us to combine these to methods and launch a new 
method, electrocatytic oxidation via electrosorption of silver ion through the adlayer and then 
sedimentation of silver ion on  modified copper surface as silver nanodendritic structures. 
  
5.2 Cyclic voltammetry of copper in aqueous solution of 0.1 M KClO4  
Cyclic voltammetry was performed in order to qualify and quantify Cu passivation by self-
assembled monolayers into 0.1 M potassium perchlorate aqueous solution. The cleanliness of 
the copper bare electrode was ascertained by recording the cyclic voltammogram (CV) for 
oxidation and reduction of the copper electrode surface in aqueous solution of 0.1 M KClO4 
between –0.8 and 0.1 V versus a calomel reference electrode, with 0.1 Vs-1 scan rate. The 
clean copper electrode shows a broad anodic peak around -0.18 V and a large cathodic peak at 
–0.62 V (Fig. 78). Fig. 79 shows the CVs of modified copper with thiophenol. A stable 
response was recorded upon repetitive cycling in aqueous solution of 0.1 M KClO4. It is 
noticeable that anodic peak current reduced from 0.547 mA for bare copper to 0.154 mA for 
modified copper and cathodic peak current reduced from 0.99 to 0.22 mA for bare and 
modified copper electrode respectively, that shows the surface covered with self-assembled 
monolayer and the reachable sites for copper redox system reduced. For having a good 
imagination of inhibitor character of thiophenol self-assembled monolayer the CVs of bare 
and modified copper are shown together (Fig. 80), it shows the surface covered with self-
assembled monolayer and the reachable sites for copper redox system reduced. The cyclic 
voltammogram of silver deposited on modified copper electrode has a different features (Fig. 
81). The anodic and cathodic peak currents are higher than anodic and cathodic peak currents 
for bare copper electrode. For investigating the electrocatalytic activity of bare, modified and 
silver sedimented over modified copper cyclic voltammetry was performed in the presence of 
0.5 mM hydroquinone solution (Fig. 82-84). The CVs of bare and modified copper with 
thiophenol exhibit no electrocatalytic activity towards the oxidation of hydroquinone. Fig. 84 
shows electrocatalytic activity of silver sedimented on modified copper electrode for  
oxidation of hydroquinone, the peak separation (∆E = 139 mV) exhibits electrochemically 
reversible features and these features exhibit symmetrical redox peak currents. Fig. 85 shows 
cyclic voltammograms of  silver deposited on the surface of modified copper in the presence 
and absent of hydroquinone in supporting solution. The reversible features attributed to 
hydroquinone redox system.  
 
 
92 
Fig. 78 shows CV of clean bare copper electrode in aqueous solution of 0.1 M KClO4, room 
temperature, nitrogen purged and calomel electrode as a reference electrode, at scan rate of 
0.1 V·s-1 in the potential range of -0.8<ESCE<0.1 V. 
-0.8 -0.6 -0.4 -0.2 0.0
-1.0
-0.5
0.0
0.5
1.0
CV of bare copper electrode
 
 
I 
/ 
m
A
E
SCE
/ V
 
Fig. 78: Cyclic voltammogram of rod copper electrode in 0.1 M KClO4 aqueous solution, 
dE/dt = 0.1·V s-1 
Fig. 79 shows CVs of modified copper electrode with thiophenol in 0.1 M KClO4 solution, 
room temperature, nitrogen purged and calomel electrode as a reference electrode, at scan rate 
of 0.1 V·s-1 in the potential range of -0.8<ESCE<0.1 V. 
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Fig. 79:Cyclic voltammograms of modified copper electrode in 0.1 M KClO4 solution, dE/dt 
= 0.1·V s-1 
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Fig. 80 shows comparison between CVs of modified and bare copper electrode in aqueous 0.1 
M KClO4 solution, room temperature, nitrogen purged and calomel electrode as a reference 
electrode, at scan rate of 0.1 V·s-1 in the potential range of -0.8<ESCE<0.1 V. 
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Fig. 80: Cyclic voltammograms of modified and bare copper electrode in 0.1 M KClO4 
solution, dE/dt = 0.1·V s-1 
Fig. 81 shows CVs of silver sedimented on modified copper electrode with thiophenol in 
aqueous 0.1 M KClO4 solution, room temperature, nitrogen purged and calomel electrode as a 
reference electrode, at scan rate of 0.1 V·s-1 in the potential range of -0.8<ESCE<0.1 V. 
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Fig. 81: Cyclic voltammograms of silver sedimented on modified copper electrode with 
thiophenol in the persence of 0.5 mM hydroquinone solution,dE/dt = 0.1·V s-1 
 
Fig. 82 shows CVs of a bare copper electrode in the presence of 0.5 mM hydroquinone 
solution, room temperature, nitrogen purged and calomel electrode as a reference electrode, at 
scan rate of 0.1 V·s-1 in the potential range of -0.8<ESCE<0.1 V. 
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Fig. 82: Cyclic voltammograms of bare copper electrode in the presence of 0.5 mM 
hydroquinone solution, dE/dt = 0.1·V s-1 
Fig. 83 shows Cyclic voltammograms of modified copper with thiophenol self-assembled 
monolayer electrode in the presence of 0.5 mM hydroquinone solution, room temperature, 
nitrogen purged and a calomel electrode as reference electrode, at scan rate of 0.1 V·s-1 in the 
potential range of -0.8<ESCE<0.1 V. 
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Fig. 83: Cyclic voltammograms of modified copper by thiophenol self-assembled monolayer 
electrode in the presence of 0.5 mM hydroquinone solution, dE/dt = 0.1·V s-1, room 
temperature, nitrogen purged and a calomel electrode as reference electrode. 
Fig. 84 shows CVs of silver sedimented on modified copper electrode in the presence of 0.5 
mM hydroquinone solution, room temperature, nitrogen purged and a calomel electrode as 
reference electrode. The CV recorded at scan rate of 0.1 V·s-1 in the potential range of -
0.8<ESCE<0.1 V. 
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Fig. 84: Cyclic voltammograms of silver sedimented on modified copper electrode with 
thiophenol in the presence of 0.5 mM hydroquinone solution, dE/dt = 0.1·V s-1, room 
temperature, nitrogen purged and a calomel electrode as reference electrode. 
 
 
96 
Fig. 85 shows cyclic voltammograms of silver sedimented on modified copper electrode in 
the presence of 0.5 mM hydroquinone solution and in 0.1M KClO4 solution free of 
hydroquinone, dE/dt = 0.1·V s-1, room temperature, nitrogen purged and a calomel electrode 
as reference electrode. 
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Fig. 85: Cyclic voltammograms of silver sedimented on modified copper electrode in the 
presence of 0.5 mM hydroquinone solution and in 0.1M KClO4 solution free of hydroquinone, 
dE/dt = 0.1·V s-1, room temperature, nitrogen purged and a calomel electrode as reference 
electrode. 
 
5.3 Morphology investigation  
Fig. 86 a-d shows  silver sedimentation on modified copper surface in different resolution. 
Formation of silver nanodendritic structures prepare more sites for electron transferring and 
with increasing surface area it becomes easier for oxidant agents and redox systems to receive 
electron from these sites, oxidant agents and redox system easily contact with these structures 
instead of copper surface. It can be observed (Fig. 87a-d) that silver nanodendritic structures 
were obtained in a large quantity and good uniformity by this route. Deposition time of 
modified copper by thiophenol self-assembled monolayer into 0.1 M silver nitrate solution 
and concentration of silver nitrate solution are key points. With increasing time deposition 
silver nanodendritic structures become bigger and bigger (Fig. 87) and access to surface area 
for redox systems become more facial.  
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Fig. 86: SEM images of silver sedimentation on modified copper electrode, different 
resolution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 87: SEM images of  silver nanodendritic structures over modified copper, different 
resolution. 
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Summary 
Formation and subsequent characterization of self-assembled monolayers (SAMs) have 
become important in the field of chemical research recently as self-assembly is a versatile 
technique for surface modification for different applications . Thiol monolayer on Au has 
received considerable attention due to its simplicity and ease of preparation. The formation of 
SAMs of thiophenol, 1,4-dithiobenzene, 4-mercaptophenol, 4-aminothiophenol, 4-
nitrothiophenol, 2- and 4-mercaptopyridines on the surface of the polycrystalline gold and 
copper electrodes deposited from ethanolic solution of these thiolates has been successfully 
carried out. The behavior of these monolayers was also studied in different electrolytic media. 
Overview about self-assembled monolayers and the experimental methods used in the 
investigations are mentioned clearly. The results obtained by cyclic voltammetry technique 
and surface enhanced Raman spectroscopy (SERS) have been intensively interpreted. The 
surface enhanced Raman spectroscopy results are summarized. The formation of monolayers 
on Au electrode is proved by the existence of Au-S stretching band which is located in the 
range of 215 to 270 cm-1. The corrosion study of copper modified by these thiolates in 0.1 M 
silver nitrate solution is showed that rate of copper dissolution became higher than bare 
copper in identical condition. SEM images is in good agreement with corrosion study. The 
electrocatalytic activity of silver sedimented over copper modified with thiophenol towards 
oxidation of hydroquinone was investigated.  
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Future work 
 
The research can be continued to examine these thiolates monolayers as corrosion inhibitors 
as a function of different immersion time either in the corrosive solution or in the probed 
electrolytic solution, various electrolytic media, a variety of temperature value, etc. The effect 
of these thiolates can be also investigated for different electrode materials. 
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